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Novel structures and fabrication techniques applicable to the study of

both spatial and temporal solitons in AlGaAs are investigated.

A new and novel technique for suppressing the intermixing of
GaAs/AlGaAs MQWs has been demonstrated. The technique relies on a
hydrogen plasma discharge to produce a Ga:C:; layer from the native
oxides on the GaAs surface and suppress vacancy formation. This
method for suppressing intermixing has been shown to be free from
damage, highly reproducible, can be made area selective using a patterned
silica mask, does not introduce impurities and can be used to fabricate

relatively long, low loss GaAs/AlGaAs MQW waveguides.

This technique was subsequently used to produce samples with
approximately 40 nm shift in the band edge, which lead to a
corresponding change in the nonresonant optical nonlinearity of in
excess of 60 % This potentially opens the way for the production of many
novel nonlinear optics devices which previously had no possible

fabrication means.

Also it has been experimentally shown that by using properly designed
AlGaAs ARROW waveguides, the natural normal dispersion of the
semiconductor can be overcome and waveguide modes can be made
anomalous. This fact has been used to demonstrate solitonic compression
of 1.51 Jim femtosecond pulses propagating in the guides, and the results

are observed to correlate well with the theoretically predicted values.
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Introduction.

In the early days of electronic communication, the telegraph and
telephone revolutionised the way we communicate with one another. It
has since become clear that the ability to exchange information without
direct contact, is one of the greatest ever technological advances. Francis
Bacon (1561-1626) said "Knowledge is power'", and it is obvious that for
everyone to benefit from knowledge, it should be as widely available as
possible. Indeed it is no accident that at the present moment, that the

internet has arguably become one of the decade's most topical subjects.

Therefore, to attain the benefits of available information, it is essential to
provide an infrastructure where data flows fast and free. However, this
thirst for knowledge has resulted in a situation where the desire for
greater data carrying capacity (Bandwidth), appears to be escalating upon
an almost daily basisl. This increase in information services, has led

directly to today's electronic networks becoming inadequate. Therefore
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faster, simpler, and more cost effective methods of communication are

continually researched.

Electronic data communications systems limit network2, channels to less
than 5 Gb s'1' and hence, interest has been stimulated in the extensive
bandwidth3, and low loss propagation4 available from optical
communicationsS5. Such optical transmission techniques have been
shown to propagate data rates in excess of 5 Gb s'l over more than 14 000
Kmé6, and as yet the full capacity (TeraHertz)7 of fibre transmission
systems has still to be realised. To fully achieve the transmission
potential offered by optical networks two distinct points must be

addressed:
* Data routing and processing must occur in an all optical format.
e It must be possible to transmit data over long haulage distances.

Fast data routing and processing will only be possible if an all optical
switch is realised. This device requirement has spawned a whole field
within the study of nonlinear optical research8. At present most long
haul communications are performed either by satellites or hardwire
undersea links. The latter is of most relevance here, since in general it is
the most commonly used, and data is typically transferred using the
current generation of hybrid electronic and optical fibre communication

systems (figure 1.1.).

Output
Decoder
Encoder!
Amplifier
|[Modulator
Fibre
Detector

Figure 1.1. Schematic diagram of a typical optical communication system.

Generally these systems use 1.55 jim lasers, because they coincide with
the lowest loss silica fibre window9. The optical fibres are typically

dispersion shifted10 or dispersion flattened, so that they can propagate
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pulses in this low loss regime with minimum distortion, however pulses
will experience some loss, and therefore signals will have to be
periodically amplified.

At present this is performed by electronic repeaters spaced by
approximately 100 km11, and hence repeaters have two disadvantages,
they impose severe speed limitations, and significantly increase the cost
of data transfer systems. It has been for these reasons that soliton based
optical systems have been investigated. Solitons can provide distortion
free data communication over long distances at extremely high data rates,
and also have the great advantage that periodic amplification can be
performed without using electronics.

The following sections give a general introduction to nonlinear optics,
ultrashort pulse generation and propagation, as this will enable a basic
understanding of the role solitons can play in future communication
systems.

1.1. Nonlinear Optics.

Nonlinear optics is the study of the interaction of intense light, with
materials. Effects can manifest themselves in many different ways,
such as:

* Raman scatteringl2,

* Second harmonic generation13.

* Frequency mixingl4,

* Intensity dependent refractive index15.

This thesis is predominately concerned with the last of these effects,
when it occurs on an effectively instantaneous time scale. In this
case it is referred to as the Kerr Effect. The Kerr effect was first
observed by the Reverend John Kerr at the University of Glasgow in
1875. Kerr initially observed the effect in glass using a specially
developed cell, which is still retained at the university and is shown
in figure 1.2..
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Figure 1.2. The Kerr cell, as used by the Reverend Kerr.

After the invention of the laser the light intensities required
(~ 2.5 kW cm'2) to observe optical nonlinearities became readily
available, and subsequently the field of nonlinear optics exploded.
Many materials have been examined for their suitability e.g.
glasses16, and polymersl7. However, where is concerned
semiconductors and optical fibres have attracted the most interest.
In optical fibres the magnitude of is relatively small but their
ultra low loss allows propagation over long distances makes them a
very suitable experimental system. With semiconductors the value
of x is much larger, and they also posses a mature fabrication base
which makes them extremely attractive for nonlinear studies.
Where communication systems are concerned the interest in Kerr
nonlinearities exists, because in general it is the mechanism that

makes all optical switching and soliton propagation possible.

Nonlinear optical switching is concerned with the use, of the
intensity dependent refractive index to fabricate all-optical switches.
This intensity dependence makes it possible for the device output to
be dependent upon the input, which is by definition a switch. All

optical switching has been proposed in a number of different forms:
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* Nonlinear directional couplerl8 (NLDC).

* Asymmetric Mach-Zehnder Interferometers!? (AMZI).

* Spatial soliton based couplers290.

And physical devices have been produced in various formats:
* NLDC in AlGaAs MQW Strain induced waveguides?l.

* AMZI in AlGaAs waveguides22,

* Optical fibre nonlinear loop mirror23.

* Optical bistable devices?4.

* X-Junction in A1GaAs waveguides?25.

Optical solitons have been proposed as the data transfer “bit” in the
next generation data communication systems, as they will be able to
exploit the linear and nonlinear properties of conventional optical
fibre. However, the future of optical soliton communications is not
certain, as many problems still have to be addressed. These problems
are predominately concerned with timing uncertainties associated
with jitter26 and soliton interactions2?. These are being dealt with
solutions such as sliding filters28 and indeed solitons have
demonstrated data transmission in optical communication2?
systems up to 80 Gb s71.

1.2. Nonlinear Optical Theory.

When light propagates through a dielectric medium the valence
band electrons of the material oscillate in a manner, that is related to
the amplitude and frequency of the propagating electric field. This
reaction of the electric dipoles to the light is termed the polarisation
(P), and is expressed in units of dipole moments per unit volume.
At low intensities the polarisation follows the amplitude and
frequency of the light and can be expressed as:

P=¢x"E 1.1.
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Where g, is the permittivity of a vacuum, x(1) is the linear
susceptibility of the material, and E is the applied electric field. The
susceptibility is related to the linear refractive index through:

n=,/Re(1+x?) 1.2.

However, at high light intensities the response becomes nonlinear,
and can be expressed in the more general form:

P =¢,(x E+x®EE +y “EEE+.. 1.3.

Where 0 is jth order susceptibility which is tensor of rank j+1. The
second term of the polarisation (i. e. the £,x®E? term) represents a
second order nonlinearity, and gives rise to such effects as second
harmonic generation, optical rectification and optical parametric
generation. It should be noted that this polarisation term contains
an E2 component, which means that it can only exist in materials
that do not posses inversion symmetry (section 1.2.1.). The third
order term in the series is non-zero for all materials, and is
responsible for many effects which include self phase modulation,
four wave mixing, and self focusing. If terms above x® are ignored
the refractive index becomes intensity dependent, and can be
expressed by the relation:

n=ng,+n,l 14.

Where n, is the linear refractive index, I is the light intensity and n;
is the nonlinear refractive index, which is defined as:

121
n, =
nc

(o)

1.5.

This nonlinear refractive index is termed the Kerr coefficient and is
around 1x 10'13cm?W-1 in AlGaAs. In the following sections some
nonlinear optical processes are discussed.

1.2.1. Second Harmonic Generation.

In equation 1.3. it is apparent from the e,x?E? term that the
polarisation possess a squared relation with the electric field. In
general the electric field of propagating light has a harmonic
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form (i. e. cos cot), and squaring it will lead to the generation of
a signal at 2 co, this is known as second harmonic generation
(SHG). One of the most important things to note about SHG, is
that it cannot be performed in crystals that posses inversion
symmetry, and it needs a crystal arrangement such as gallium

arsenide which has a zinc-blende structure (figure 1.3.).

Figure 1.3. The zinc-blende structure of GaAs.

In figure 1.3. aGis the lattice constant (GaAs » 5.65A).

If an electric field is applied to a symmetrical molecule, a
polarisation is induced in the same direction as the applied
field. If the field direction is now reversed the polarisation is
also reversed, and because the crystal is centrosymmetric the
magnitude of the polarisation must be the same in both
directions (i. e. P(E) = -P(-E)). From equation 1.3. it is clear that

the only way for this to hold true is if is zero.

One of the major problems associated with SHG is phase

matching, which is concerned with matching the propagation
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constants of the fundamental and signal frequencies (w and 2 ®
for SHG). Phase matching is required since the fundamental
and SHG waves posses different propagation constants. As the
fundamental propagates through the material any signal
generated at 2 o, will have a different propagation constant and
will then walk in and out of phase with the fundamental.
Phase matching is typically achieved by setting the propagation
constant of the two waves to be the same. For example using a
birefringent material. Generally the refractive index is tuned by
either angle or temperature, to achieve a match between the
two propagation constants of the two waves.

1.2.2. Self Focusing.

Typically a laser beam has a gaussian intensity profile. This
means that in a medium possessing a positive nonlinearity, a
beam will experience a higher refractive index at the centre,
compared to the wings. Therefore, the centre of the beam will
be slowed down compared with the edges, and consequently
the wavefronts will become concave and effectively focus. As
the wave focuses, the intensity becomes higher and as a result
the wavefront will continue to focus further. This process will
continue until either a critical threshold value is met, and the
material is damaged39, or the process is altered by some higher
order effect. Conversely, if a negative Kerr coefficient is
encountered, the opposite is true and the beam will effectively
defocus.

1.2.3. Self Phase Modulation.

Self Phase Modulation (SPM) arises due the nonlinear
refractive index, reacting with the time varying intensity of the
propagating optical pulse. Since the intensity across a typical
optical pulse is not uniform there will be a phase shift incurred
across the pulse which is equal to:

_ 21tn2
o =22

IL 1.6.
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Where L is the propagation length, I is the light intensity, 11> is
the nonlinear refractive index and X is the wavelength. This

effect is discussed in more depth in section 3.5.1..
1.2.4. Multi-Photon Absorption.

When incident photons have energies that are less than the
bandgap, the optical absorption is extremely low. If the light is
very intense, then a phenomenon known as Two Photon
Absorption (TPA) can become important and limit the
throughput of a device. TPA occurs when the total energy of
two incident photons are greater than, or equal to, the bandgap,
and the photons are absorbed by way of a virtual state
(figure 1.4.). The two photons need not posses the same energy
as one another, but they must both arrive within a time period

governed by the uncertainty principle.

Time Conduction Band
ml]
m s#
Two photons arrive within Second photon arrives
uncertainty time (TPA) too late (no TPA)

Valence Band
Figure 1.4. Two photon absorption.

TPA is highly useful in some areas of spectroscopy3l, especially
for measuring conduction and valence band offsets. This is
because TPA is not governed by the same selection rules as
linear absorption, and to measure these offsets, the energy

difference between successive quantised energy levels must be
known.
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1.3. Solitons.

Solitonic behaviour was first observed by Scottish shipbuilder John
Scott Russell in August 1834. While he was horse riding on the
banks of the Union canal (between Glasgow and Edinburgh), Russell
observed a surface water wave which propagated for a few miles
without changing shape. He named this “singular and beautiful
phenomenon” the wave of translation, and then proceeded to
characterise the phenomenon by a series of experiments using a
water tank32. Interest in the phenomenon then waned, until sixty
years later when Korteweg and de Vries published the now well
known KdV equation33, which described the motion of water waves
in a shallow channel.

In systems that can be described by nonlinear Schrédinger equation,
solitons arise from the balancing of a linear dispersion term, with a
nonlinear phase modulation term. Solitons are extremely robust
and can survive strong perturbations within a system and indeed
they can be represented as particle like objects34. Some examples of
systems where solitonic behaviour can exist are:

* Oscillating soliton stars, which are solutions to general relativity
equations35,

* Trains of solitons have been photographed propagating in the
wake of the Tsunami wave by satellites36.

* Plasma solitons in space37.

Temporal optical solitons were first predicted by Hasegawa and
Tappert38 in 1973, and in 1980 Mollenauer3? experimentally verified
their predictions by propagating a bright optical soliton. At first
temporal solitons were thought to be too complicated, and power
hungry to be any practical use in communication systems. The
invention of Erbium Doped Fibre Amplifiers (EDFAs) has lead to a
resurgence of interest, and long distance soliton transmission
systems are beginning to receive serious consideration. EDFAs have
rekindled interest in soliton systems, due to the possibility of
periodic signal amplification without the speed, and cost restrictions
of electronic repeaters.

Chapter 1.
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Spatial solitons arise from the balancing of diffraction and induced
self focusing of an optical beam, these typically occur in materials
possessing a positive nonlinear Kerr coefficient. Spatial optical
solitons are completely analogous to temporal solitons and have

been observed experimentally in various formats:

e CS2liquid waveguides40.
* Ion exchange glass waveguides4l.
* AlGaAs semiconductor waveguides42.

They have also been shown to exhibit particle like properties, in

soliton interactions43.

To physically understand how solitons arise it helps to consider
figure 1.5. Three brothers are out for drive in their respective cars.
As they live in the west of Scotland it is always raining and the
ground has a spongy mattress like feel to it. The eldest brother being
an accountant has a fast car, the middle brother has a regular steady
job and therefore enjoys a reliable average type of car, however, the
youngest brother who plumped for a job in engineering, has ended
up driving an old slow banger. Being brothers they want to drive to
their favourite pub for a relaxing lunch, but they keep getting split

up due to their car's respective performances.

Figure 1.5. Three car analogy of an optical soliton .

Although the younger brother is by far the worse paid, being an
optical engineer he is extremely sharp. Therefore, he proposes that
they drive directly behind one another, with the oldest brother out
in front followed by the middle brother, and he will bring up the
rear in his old banger. Due to the land deformation the eldest
brother uses his greater power to continually drive his car up hill,
the middle brother drives his car on the flat and the youngest

brother drives downhill all the way to a free lunch (because he is
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extremely smart), using the deformation caused by the other two
cars.

By imagining the brothers’ cars are the spectral components of a
pulse, it is possible to relate this analogy to temporal optical solitons,
in the negative dispersion regime of typical optical fibres. The fast
car corresponds to the blue frequencies, the slow car the red
frequencies and the middle car is the average wavelength. In this
regime the red spectral components see a higher refractive index
than the blue ones and the spectral components will spread out as
they propagate (section 1.6.1.). The land deformation is equivalent to
the refractive index profile induced through the nonlinear Kerr
effect, which effectively slows the blue frequencies and speeds up the
red ones, and hence the pulse propagates without break up.

1.3.1. Temporal Optical Solitons.

It is possible to describe temporal solitons in mathematical
terms. using the following partial differential equation:

(A _g 19°A

dz  220T
This is known as the nonlinear Schrédinger equation, where
A (z,T) is the amplitude of the pulse envelope, B; is the
dispersion parameter and is a nonlinearity parameter vyis

defined by:

y=—22e 1.8.

CAeff

However it is easier to solve this equation when it is reduced to
a standard form, therefore if the following factors are
introduced:

A T

U=

(o]

Where P, is the peak power, T, is the width of the incident
pulse and Lg is the dispersion length (equation 1.37.), equation
1.7. can be represented by:
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oU ( )182

. U 2
lg =sgnl 52 58_12- - 'YIUI 8] 1.10.

The parameter N is defined as the square of the ratio of the
nonlinear length (Ly =ﬁ) to the dispersion length, if

another parameter u is defined:

yT?

u=NU=A
B

This then gives the nonlinear Schrédinger equation in its
standard form:

g

The second term characterises linear dispersion, and the third
term is related to the nonlinear propagation, and it is possible
to use this equation to describe how solitons propagate. If the
action of the dispersive term is considered first, by ignoring the
nonlinear term and considering the basic form of the resulting
equation:

8u= 82u
0& 2012

This equation is easily dealt with in the frequency domain, by
using Fourier transforms:

=——@©U 1.14.

The general solution of this equation is:

(€, ) =1(0,0)e ( ZEJ 1.15.

This solution shows that essentially the dispersive term only
rearranges the phase of the frequency components. If the
nonlinear term is considered alone, the general form is:

g
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Neglecting amplitude variations the solution of this equation
in the time domain is:

u(&,1)= (0, t)e e 1.17.

It is obvious from this equation, that the nonlinear term
modifies the phase in relation to the intensity of the pulse
envelope, and hence adds new frequency components.
However, it is not clear how time broadening due to the linear
dispersive term, and spectral broadening due to the nonlinear
term can cancel one another and result in soliton propagation.
This can be explained by considering the first order effects of
both terms. The nonlinear term generates a phase change:

do(x) = [u(x) d& 1.18.
It is well known that if a function f(€, 1) is real, the general
equation:

-g% =if(€,T)u 1.19.

simply generates a phase change (with respect to &):
do(t) = £(0,7)dE 1.20.

From studying equation 1.13. it is obvious that the linear
dispersive term generates a phase change:

10%u
d¢ = (EW) d& 1.21.

If a sech pulse envelope (i. e. u = sech(r)) is considered, it is seen
that the nonlinear term generates a phase change:

doy, =sech?(t)dE 1.22.
and the linear dispersive term:
ddyp = [1 —sech®(z)[dE 1.23.

Clearly these phase shifts are the complements of each other
and under certain conditions will cancel.
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1.3.2. Spatial Optical Solitons.

Spatial solitons are unique solutions of the nonlinear
SchrOdinger equation, and can be described in a similar
manner to temporal solitons. The only difference is that the
time dependence is replaced by a spatial one (diffraction).
Spatial solitons are essentially self trapped optical beams, and

can be likened to an optical waveguide (figure 1.6.).

High
Power
Low
Power

Figure 1.6. Schematic diagram of a spatial soliton.

Since spatial solitons can be described in an analogous fashion
to their temporal counterparts, they too have a sech-like shape

which can be described by:

E(x) = Asech 1.24.

Where aGis a measure of the beam width. A spatial soliton will

propagate at a power level:

Where nG is the linear refractive index, n2 is the nonlinear
refractive index, k is the wavevector of the light and w is the

transverse mode size. It should be noted that since w is
typically much less than aGit has little effect. From studying

equation 1.25. it is clear that at different power levels, solitons
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of different widths will propagate. Indeed for launched power
levels between 0.25 x Pg and 2.25 x P, the beam will evolve into

a soliton with a characterisitic width.

It has been proposed to use spatial solitons for optical
processing by making use: of some of their unique properties.
All optical switching using spatial solitons could make use of
Snell’s law at a nonlinear interface to produce a spatial
scanner44, Or, it may be possible to use soliton emission from
waveguides5 to produce sioliton couplers.

1.4. Generation of Ultrashort Oprtical Pulses.

There are two main types of mode locking used in the production of
ultrashort optical pulse trains, these are active?® and passive mode
locking. Active mode locking operates by applying an external
modulation, to either the amplitude (AM), or the phase (PM) of the
light within the optical cavity. The purpose of this modulation is to
generate new optical frequemcies, which will have different
longitudinal modes in the cavity. The length of the cavity can then
be used to lock the modes, which posses an integer number of half
cycles together, and hence produce optical pulses. Passive mode
locking makes use of nonlinear optical element, which has a high
loss at low intensities, however, the loss saturates at high intensities
therefore reducing its effects. The maximum emission principle4?
states that a laser will operate in a state that maximises its output,
and therefore under certain conditions the laser will tend to operate
in a mode locked state, whereby it emits high power pulses. Some
mode locking techniques which are applicable to this study are
described in the following sectioms.

1.4.1. Frequency modulatiom (Active).

Mode locking by frequency modulation (section 4.2.2.) can be
described adequately in both the frequency and time domains.
It is usually accomplished by the introduction of a sinusolidally
driven electro-optic material, at one end of a laser cavity. If the
time domain is considered first, light which passes through the
electro-optic material will experience a phase shift, and thus a

frequency shift (f =%‘fi). However, when the modulator drive
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signal is zero the light will see no phase shift. If the length of
the cavity is now “locked” to the frequency of the drive signal,
the light at the “null point” will be successively amplified.
Where as the rest of the light, will be pushed outside the gain
bandwidth by successive passes through the modulator.

In the frequency domain it is possible to represent the
modulated signal by:

E(t) =E, cos(w@,t + ycosw,,t) 1.26.

Where vy is the modulation index, ®, is the central light
frequency and o, is the modulation frequency. It is possible to
mathematically represent equation 1.26. using Bessel functions:

E(t)=E, } Jn(Y) cos{w, + mw,, ) 1.27.

Where ], is the Bessel function of first kind and rank m. From
equation 1.27. it is quite obvious, that there are frequency
components of ©, + mo,, within the cavity. There is however a
problem associated with FM mode locking, as it is apparent that
there are two null points in a sinusoidal waveform (positive
and negative going), which can lead to instabilities in the mode
locking.

1.4.2. Synchronous pumping (Active).

Mode locking by synchronously pumping48 (section 4.3.2.), is
typically applied to either semiconductor lasers, or lasers which
are pumped by another laser. In the latter case of the slave and
pump laser, the pump laser is mode locked and the slave laser
cavity is adjusted, so that its length is exactly the same, or an
integer multiple of that of the pump laser. In this mode locking
scheme pulses are shortened by a combination of gain
modulation and gain saturation. By studying figure 1.7. the
pulse shortening process can be easily followed.
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Output
Pulse

Pulse

Time

Figure 1.7. The mode locking dynamics of synchronously pumped lasers.

Initially the gain of the slave laseir is zero, but after the arrival
of the pump pulse the gain increases until it exceeds the optical
loss within the cavity. When the slave laser pulse arrives it is
amplified; this also depletes the gain, and as it falls the trailing
edge of the pulse is not amplified, and thus the pulse becomes
shorter. This process continues and the pulse is continually
shortened and amplified, until so*me steady state condition is
reached. To ensure proper mode Locking both cavities must be
matched in length, since if the slave cavity is too long any
spontaneous emission may be amplified, and this will result in
a broad and noisy pulse. If the cavity is too short the gain may
have time to recover after the initial depletion, and a second
pulse may be formed within the cavity. It should also be clear
that since the processes that shape the front and back of the
pulses are different, asymmetric pulse profiles may result. Also
since the gain must be depleted to achieve pulse shortening,
this technique is most suited to laser mediums that have large

gain cross sections and short lifetimes.
1.4.3. Additive Pulse Mode Locking (Passive).
By employing nonlinear elements in the laser cavity ultrafast

X<3) effects can be used to mode lock lasers. In Additive Pulse
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Mode Lockingss (APM), also know as coupled cavity mode
locking the laser is built as an interferometer, with one arm
containing the gain medium and the other a nonlinear
element. By studying the Michelson configuration in figure 1.8.

the operation of the mode locking scheme can be understood.

Output
Fibre

Michelson Configuration

Output

Gain

Output
Fabry-Perot Configuration

Figure 1.8. Cavity configurations for Additive Pulse Mode locking.

The usual end mirror of the cavity is replaced by a beam splitter
which directs the light into the two arms of Michelson
interferometer. One of these arms contains a highly reflective
mirror, and the light is redirected back into the cavity. The
other arm contains a nonlinear element, which is typically a
piece of optical fibre. An optical pulse is split into two at the
beam splitter and these continue through the cavity, both parts
obtain a phase shift and then recombine at the beam splitter
where an output is obtained. Through self-phase modulation
in the fibre, a nonlinear phase shift is imparted on the part of
the pulse within the nonlinear arm. The static phase difference
between the nonlinear and linear arms is now set, so that
when both pulse parts recombine they experience constructive
interference in the centre, and destructive interference in the

wings, which will lead to shorter pulses within the cavity.
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1.5. Measurement of Ultrashort Optical Pulses.

Generally the method employed for the detection of optical pulses
depends on the duration of the pulses involved. For most
applications basic linear detection using a fast photodiodes and a fast
oscilloscope are adequate. However, the bandwidth of oscilloscopes
typically limits the application of these techniques to the order of a
few nanoseconds (resolution =1 ns). To directly measure the pulse
width of shorter pulses it is usually a streak camera50 that is
employed, as it can provided a resolution of around 1 ps and even
sub picosecond (= 300 fs) in state of the art lab research. For the
measurement of femtosecond pulses the most widely used
technique used is second harmonic autocorrelation, as this gives the
best temporal resolution with the only disadvantage being the loss
of some pulse shape information.

1.5.1. Second harmonic Autocorrelation.

For the detection of ultrashort pulses (<1 ps) nonlinear
autocorrelation techniques51 are required. These techniques
essentially change the measurement of ultrashort time scales,
to that of small distances which are easily quantified. Typically
autocorrelators operate by splitting an optical pulse into two
components, and propagating these components along two
optical paths of similar length. One of these paths however,
possess a variable time delay, which will sweep one pulse
through the other as they are combined in a SHG crystal
(section 1.2.1.). Since the magnitude of SHG signal depends
quadradically on the input intensity, a second order
autocorrelation will be generated, as the two pulses pass
through each other. The duration of the pulse can now be quite
easily inferred from the autocorrelation, from measuring the
delay introduced by the variable optical path.

There are four typical types of SHG autocorrelator, all of which
are classified depending on the type of phase matching, and the
geometry of the interfering beams. Autocorrelators can use
either typel, (similarly polarised) or typeII, (orthogonally
polarised) phase matching to produce the SHG signal, and the
input beams to the crystal can have a collinear or noncollinear
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geometry. The collinear geometry means that both beams are

collinear along the same path, through the SHG crystal and on

into the Photo-Multiplier Tube (PMT). Therefore, either beam

can independently generate a second harmonic signal, and

therefore these type of autocorrelators posses an inherent

background level. In a noncollinear geometry (figure 1.9.) the

two beams cross each other at an angle inside the crystal, which

then produces a second harmonic signal at an angle that bisects

the input beams. This means that a background free

autocorrelation can be obtained, by placing an aperture before

the PMT which will filter out the fundamental beams.

The autocorrelator primarily used for this project was type I
phase matched Michelson interferometer with noncollinear

geometry, and is shown schematically in figure 1.9.

SHG

Rotating Crystal

Mirrors Pelical

PMT

Focussin
Housing g

Mirror

Adjustable
Retroreflector

Figure 1.9. Schematic diagram of an autocorrelator in a Michelson interferometer
configuration with type I phase matching and noncollinear geometry.

The linear delay is generated by a pair of parallel rotating
mirrors, and it is known that for small angular changes the

pulse delay about the zero is linear, and it can be described by:

471D
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Where T is the time delay, D is the distance between mirrors, f
is the frequency of rotation and c is the speed of light. A
repetitive linear delay is generated by rotation of the mirror
assembly, which when used in the shown configuration, will
provide a continuous display of the autocorrelation function,
on an oscilloscope synchronised to the mirror rotation. The
total autocorrelation scan range can be given by:

T, =42 d 1.29.
C

Where d is the diameter of the scanning mirror. In the
configuration used the total scan length was = 120 ps, with a
resolution of less than 20 fs, and a nonlinearity factor across the
scan of 7 % / 100 ps.

1.5.2. Fast PD.

To monitor optical pulses the most convenient method is to
use direct linear detection by using a fast photodiode and a fast
oscilloscope. Most commercially available fast photodiodes
have a bandwidth of around 20 GHz, although bandwidths in
excess of 100 GHz have been reported52. It is therefore the
oscilloscopes that limit the resolution of the pulse width, and
this is typically around 1-2 GHz. Although this detection
method does not allow individual pulses to be resolved, it does
permit for pulse trains to be monitored.

1.6. Propagation of Ultrashort Optical Pulses.

The propagation characteristics of optical pulses in dielectric
waveguides have been extensively studied in a number of device
formats, (e. g. Fibres53 and integrated waveguides54), and various
materials have been used for these studies (e. g. glass®5, lithium
niobate56 and semiconductors57). These studies have typically been
concerned with, the dynamics of pulse propagation in relation to
optical communications. In general when using single mode
waveguides and neglecting the optical losses, the main effects pulses
experience during propagation, are dispersion and various
nonlinear effects. Dispersion gives rise to temporal modulation of
the pulse width, which is due to group velocity dispersion
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interacting with the initial pulse chirp. When pulses begin to posses
significant peak powers nonlinear effects become important, and
these can manifest themselves in different ways due to a number of
processes. However, these process are characterised by changing the
pulse spectrum, and some examples are spectra broadening due to
SPM (section 1.2.3.), frequency shift due to Raman scattering etc..
The following section gives a basic introduction to linear pulse
propagation, as it is essential for understanding the dynamics of
ultrashort in optical waveguides.

1.6.1. Group Velocity dispersion.

When an optical wave interacts with a dielectric material the
bound electrons respond in a fashion, that is dependent on the
frequency of the propagating wave. In linear terms this is
basically shown as frequency dependence of the refractive
index, and can be described through Sellmier’s equation:

k( BA )

Where n is the refractive index, A is the wavelength, }‘j is the
jth resonant wavelength of the material, and B; is the
coefficient associated with the jth resonance. The sum extends
over all resonances in the wavelength region of interest, and B;

is usually found by curve fitting to experimental data.

Since ultrashort pulses contain a large bandwidth, the
dispersion of the refractive index can have a significant effect
on the temporal shape of a pulse. This is due to the fact that the
various frequencies in the pulse will propagate at different
speeds. Therefore, it is preferable to describe the pulse
propagation by using the mode propagation constant (B(w)).
The propagation constant is usually written as an expansion of
the Taylor series:

B(w) =B, (@,) +B(w-w,) + ';'52(0) —o,) + %ﬁg(m —o,)+..  13L

Where o, is the central frequency of the pulse, and the
dispersion terms are:
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_ 4B
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The physical understanding of the dispersion coefficients and
their expression are as follows:

o 21
= o = 1.33.
Po PhaseVelocity A
1 1 dn
_ =2[n-pon 1.34.
Py GroupVelocity ¢ (n dk)
3 2
B, = GroupVelocityDispersion = 2??%1% 1.35.

B, is termed the Group Velocity Dispersion (GVD), and in
general it is positive in the visible region, and turns negative
in the near infrared. Obviously this means that there is some
point where the GVD is zero, and this is referred to as the zero
dispersion wavelength, which for typical fused silica fibres is
around 1.30 um. Using special fibre geometeries this
wavelength can be shifted, to coincide with the low loss
window at 1.55 um, and is therefore extremely important in
communication systems. At the zero dispersion point pulses
can essentially propagate with no alteration to the pulse shape,
or duration. The GVD can be defined by the parameter D,
which is defined as the pulse spreading per unit wavelength,
and can be characterised by:

Although perhaps a better physical parameter for characterising
the GVD is the dispersion length, which is defined as the
length over which a gaussian pulse increases its width by a
factor of /2.

T2

LD =T 1-370

B.|
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Where T, is the 1 duration of the pulse, which is related to the
more commonly used Full Width at Half Maximum (FWHM)
duration by:

Gaussian Pulse.
TFWHM = 1. 665T° 1.38.

Sech?2 Pulse.

Tewam =1.763T, 1.39.
1.7. Conclusions.

In conclusion the need for upgrading to faster data communications
systems has been highlighted, and relevance of both temporal and
spatial optical solitons in these systems has been discussed.
Temporal solitons are being investigated, as the fundamental
component that will increase data transmission to in excess of
100 Gb s7L. Spatial solitons may hold the key to all optical processing
in these future systems, because they have the potential to provide
discrete optical switching in solitonic couplers. They also have
potential in the realms of multi channel multiplexing, since soliton
bouncing at nonlinear interfaces, could realise all optical scanners.

General nonlinear optics as well as specific examples such as self
phase modulation, and self focusing have also been discussed, as
they enable an understanding of the processes related to optical
solitons. Finally the production, propagation and detection
ultrashort pulses is also investigated, since these pulses are of
fundamental importance in the study of nonlinear optics.
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Optoelectronic Properties of
AlGaAs.

In recent years AlGaAs has emerged as the material choice, for research
in nonlinear optical guided wave devices. This is due to elimination of
TPA by working below half the bandgap, and the high level of control
that can be exercised over AlGaAs material parameters, through
variation of the aluminium content. Indeed in recent years the
refinement of semiconductor growth techniques has reached the point
where structures can be controlled to monolayer precision (e. g.
GaAs monolayer ~ 5.65 A). Techniques such as Molecular Beam Epitaxy
(MBE): and Metal Organic Chemical Vapour Deposition (MOCVD)2,
have opened the way for the study of many quantum effects3, which
have been very effectively exploited in the production of high efficiency

semiconductor lasers4.

Although the nonresonant nonlinear effect in AlGaAs is the major
interest throughout this study, it has been shown that the Kerr effect is
dependent on the fundamental bandgap of the compound (section 2.4.2).

Hence, a review of the background of the linear and nonlinear optical
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properties of AlGaAs is essential, as it enables an understanding of how
the nonresonant nonlinearity can be manipulated. Therefore, in the
following sections various properties of both bulk and quantum well
AlGaAs are outlined, with an emphasis on the optical properties and
their relevance to nonlinear optics.

2.1. Optical Properties of AlGaAs.

Of compound semiconductors, AlGaAs is the most highly
researched as an optical material system. This research bias exists for
a multitude of reasons:

* The direct bandgap of III-V semiconductors.
* Good lattice match for all aluminium compositions.
* Precise control over both the bandgap and refractive index.

AlGaAs has been shown to be the choice for the demonstration of
various integrated all ultrafast optical nonlinear devicesS. This is
since it has a Kerr type nonlinearity that is almost 3 orders of
magnitude larger than that of silica fibres, and it also possess an
extremely mature fabrication base.

2.1.1. Absorption in Bulk Al1GaAs.

In the spectral region of the fundamental absorption edge of
semiconductors, incident photons can cause carrier transitions
between energy bands. These transitions will only occur if the
photons posses energies which are equal to or larger than, the
energy difference between the highest nearly filled band and
the lowest nearly empty band. When incident photons posses
energies less than the band gap, absorption is extremely small
and due mostly to band tail states close to the bandedge, and
nonlinear process at greater detunings. As the photon energies
are increased and the band edge is passed, the absorption can
increase by factors in excess of 10%. For III-V semiconductors the
band structure that best describes optical absorption is the Kane
band model (figure 2.1.), and as it is also used in the calculation
of the nonlinear refractive index of AlGaAs it will be beneficial
to describe it here.
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Conduction
Band
Valence Split-off
Band Band

Figure 2.1. Schematic of the Kane band model for GaAs (Reference 6).

It is well known for nondegenerate material that the Fermi
level lies between the conduction and valence bands.
Fundamental optical absorption occurs between the
heavy/light hole and the first electron level in the conduction
band, as the photon energy increases transitions involving the
split off band are incorporated. In general terms the dispersion
relations for the various bands in a III-V compound, are given

by (reference s ):

E 12 E k:fi: f,(Ec)
E =— 44—+ %1 +4 2.1.
2 2m 2V 2m, E,
o 2K hR kjkj+k2k;+k;kg
[ ——— [ ] [] .
T o mhbh 1-Y'—}— 3:I'Ktl 1 2-2-
2 2m 2V 2mc 3E,, +2A K,
E = + 1+ 4N ——rs— M"s0) 24

2 2m 2y 2im 3E+2A A
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Where 7 is a measure of the warping of the energy surfaces of
the Epp, bands and £, f; and f3 are slowly varying functions of

energy of the form:

. (Eg +4) (E.+24)

1= (Eg +—§-A) (EC +A) 2.5.
_3(En+34)

f,= 2 (B +h) 2.6.

f3 = 3(Eg + A) (ESO + %A) 2.7.

A (Eo-Ey)
Where m is the free electron mass, and m, is related to the

effective electron mass by:

1
m

If only small values for the wave vector are considered and
ignoring warping, it is possible to reduce equations 2.1. to 2.4.
to:

232
E, ~E, + 0 {1+ m] 2.9.
2m m,
232
B, =<7 [m —1] 2.10.
2m | m,
252[ m 2(E, +A
E, =—K7|m (E, )—1 2.11.
2m | m, 3E, +2A
252 E
B =-A-XP/m %5 4 2.12.
2m | m, 3E, +2A

Where m, is related to the heavy hole mass by:

1t 1 2.13.
my, m, m
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Moss and Hawkins® have used this theory to calculate the
room temperature absorption of GaAs (figure 2.2.).

n m — S

..-
-« "

7

Theoretical
Data

Data

8 |Experimental
3"

1.3 1.5 1.7
Photon Energy (eV)

Figure 2.2. Absorption band edge of GaAs at room temperature. (reference 6.)

The parameters used for the calculation were, Eg = 1.41 eV,
A =0.33 eV, m.=0.072m, and an average heavy hole mass of
0.68 m.

2.1.2. Excitons in Bulk A1GaAs.

Electrons in the conduction band and holes in the valence band
are electrically charged particles which posses opposite charges.
Therefore, it is possible for them to interact with one another,
and be drawn together through Coulomb forces. This interband
attraction causes the formation of bound states which are
termed excitons. Excitons can be thought of as being hydrogen
like systems, and they can therefore be described in a similar
fashion. By first considering the Bohr radius (agp):

g

aSD = o 2 20140

m.e

Where 7 is Plank’s constant, e is the electron charge, ¢, is the
dielectric constant and m, is the reduced mass of the electron
hole pair:
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The binding energy of the exciton in the ground state can now
be described as:

B, 1

bzp =~

D=, &

Where |i; is the reduced electron-hole mass. The energy in the
ground level of the exciton is proportional to the Rydberg
constant (Ry). In a similar fashion to the hydrogen atom, an

infinite number of energy levels exist for the exciton, and the
value for the jth level can be characterised by:

EXP =F_ - byp 2.17.

Where Eg is the bandgap energy and j is an integer. For GaAs
the binding energy of the ground state and the Bohr radius are
4.20 meV and 14 nm respectively’. At room temperatures the
exciton effect in bulk GaAs is not well defined, due to the
excitonic peak being significantly thermally broadened by
scattering with LO phonons. However, providing low
temperature measurements are carried out, the exciton effect
can be seen as a sharp spike just below the bandgap in the
absorption spectrum (figure 2.3).
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o (a. u.)

Bandedge

Wavelength (a. u.)
Figure 2.3. The low temperature absorbance spectrum of GaAs, showing the exciton peak
just below the bandedge. (reference 8.)

2.2. Al1GaAs Quantum Wells.

AlGaAs Quantum Wells (QW) consist of two relatively thick layers
of AlGaAs (Barriers), sandwiching a thin layer of AlGaAs (Well)
which has a lower Al content (i. e. narrower bandgap). The well
width is chosen so that it is smaller than the mean free electron path
(=30 nm), and thick enough to provide the desired confinement. If
care is taken to ensure that lattice constants are well matched, the
band discontinuity at the junctions can be considered to be sharp
enough for the well to be modelled by a finite square well (figure
2.4.). Quantum wells allow electrons and holes to move freely in the
plane of the well, but constrain movement normal to the well.

2.2.1. Absorption in Quantum Wells.

It is possible to model the quantisation of AlGaAs quantum
wells by using a finite potential well.
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Figure 2.4. Schematic of an AlGaAs finite potential well.

Effectively the quantum well confines the motion of electrons
and holes to the plane (x-y). If a section of this well is
considered, the time independent SchrOdinger equation can be

used to describe the electron hole bound states:
BK@Z)=-J" .d + H\j/(z) 2.18.
> m dz

Where m* is the effective mass of the particle, 2 is Plank's
constant and H is dependent upon position relative to the well,
H =0 in the well or Vo (well potential height) otherwise. Since
the effective mass of a particle depends on the composition of
the material, there are different effective masses for both the

barrier and the well (im* and m*,). The solution to equation

2.18. has the form:

\[/(z) = Ae(kbe) z" 2.19.
\|/(z) - Bsin(kwz) + Ccos(kwz) g~~~ 29N
\j/(z) = D e_(kbz) 2.21.

Where the kw and Kk”» are defined as:
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k _ 12m WEn 2.22.

2m'b(V, -E.,,)
2.23.

Where A, B, C and D are constants, which can be obtained by
applying the boundary conditions such that \y(z), and the
derivatives are equal at the walls. The solution of equation
2.18. is:

% v <
2m* E. vl mw —_

W. - tan °© ° - mi=o 2.24.
hr 1 mbyv En J

Where n is an integer defining the quantum number. Equation
2.24. can be solved numerically to calculate the nth eigenvalue
En. Figure 2.5. shows a diagram of the three lowest levels of a

quantum well.
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Figure 2.5. The first three allowed levels of a quantum well.

In a quantum well the three dimensional dispersion between

the energy and wave vector can be described by:

, ek hzk’
2m* + 2m¥

2.25.
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Where En is the nth quantised energy level in the z-direction,
which is the solution of equation 2.18., kx and ky are the De
Broglie wave numbers in the plane of the well. It is clear from
equation 2.25 that the allowed energy levels are dependent on
the effective particle mass and the potential well height. This
leads to different energy levels for both the valence and
conduction bands, since the barrier heights and the effective
masses are different. Furthermore, since the effective masses of
the heavy hole and light hole subbands are different, the
degenerencey at k =0 of these bands is removed, and the two

levels are split (figure 2 . .).

16

Intrinsic

Bulk GaAs
hh

OQEOO@

oo

MQW
0

1.38 1.50 1.62
Energy (eV)

Figure 2.6. Splitting of the heavy and light hole subbands, (reference 4.)

In a quantum well carriers are only allowed to move in two
dimensions, this leads to the density of states being very
different to that of a bulk semiconductor. If a ring of states in

2 D phase space is considered:

g(E)dE = 2.26.

Where g(E) is the density of states (i. e. number of carriers in

the energy range E to dE), k is the radius and dk is the

thickness. If a parabolic system is assumed:
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k= 21;1213 2.27.
and:
1 /2m’
dk=— dE 2.28.
2\ #°E
Which then gives:
8(E) _ m_ 2.29,
A mh

Where A is the area that the states occupy. This result is valid
for one band, but it is easily extended over all the bands by
summation:

p(E) = m; Y H(E-E,) 2.30.

nih

Where p(E) is the density of states per unit area, and H is the
Heavy side Function. If the density of states in the conduction
band is mapped out (figure 2.7.), it is possible to see the step-like
density of states which can be inferred from equation 2.30.. The
picture in the valence band is similar, however, the energy
levels are calculated from the top of the band.
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Quantum
Well

)

Figure 2.7. Density of states for both a quantum well (solid line) and bulk material
(dotted line).

2.2 2. Excitons in AlIGaAs Quantum Wells.

If an exciton is now placed in a potential well where the well
width is less than the exciton orbit (»14 nm), and the potential
step is significantly large, the exciton behaviour is extremely
different from the bulk. If the barrier is high enough to be
reasonably approximated by an infinitely high barrier, the
wavefunction must be zero in the barrier and also at the
interface. This leads to an enhancement of the wavefunction
localisation, which in turn increases the Coulomb interaction
and hence the exciton binding energy becomes larger. This
increase of the exciton binding energy is not extremely large,
but it is of the order of a few meV, and therefore it does lead to

some important practical considerations.

At room temperature the probability of the exciton being

ionised can be derived from the Boltzman factor:

e
B=e kbl 2.31.
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Where T is temperature, and kb is Boltzman constant. Since
kbT is approximately 25 meV at room temperatures, it is
unlikely that excitons will be observed in bulk GaAs. In
quantum wells the binding energy of excitons is increased, and
it follows that the probability of the exciton being ionised is
reduced. The effect of excitons on the absorbance spectra can be

seen in figure 2 s ..

a (a u)

Energy (a. u.)
Figure 2.8. The absorbance spectra for quantum well material, showing the effect of
excitons at each well level.

The excitons are seen as peaks just below the quantum well

band to band transitions.
2.2.3. AlGaAs Quantum wells.

It is now possible using the results from the previous two
sections, to explore the available energy transitions within an
AlGaAs quantum well. The energy level transitions can now
be calculated from the electron levels, light and heavy hole
levels and the exciton energies. Figure 2.9. shows the calculated
n =1 transitions for an AlGaAs quantum well as a function of
well width for a number of different well aluminium

compositions, where the barriers are held at a constant 40 %
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Figure 2.9. Transitions in an AlGaAs quantum well, as a function of well width for a
number of different well aluminium compositions (barriers are held at a constant 40 %).

It is clear that as aluminium is added to the well the transition

energy is increased as expected.
2.3. Refractive Index of AlGaAs.

The refractive index of a material is related to absorption through
the Kramers-Kronig relations. These relations are the mathematical
manner of stating causality. For the design of waveguiding devices
we are concerned initially with only the linear refractive index.
Various modelss have been proposed for calculation of the
refractive index of AlGaAs, however, from correlation with
departmental studiesl0, it was decided to use Adachi's model as it

appeared to give the closest agreement with experimental data.
2.3.1. Refractive Index of Bulk AlGaAs.

When calculating the refractive index of III-V compounds
below the bandedge the following model proposed by Adachii:
is typically used. It has been shown to give good agreement
with experimentally measured refractive indices of various IIlI-
V binariesi: and quaternaries, and has been shown to provide

reasonable results for AlGaAs. Assuming the AlGaAs
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compound has a direct bandgap, the real part of the dielectric
constant can be expressed as:

3
1{ E :
=A{f(x)+= 2 f +B 2.32.
o) = Al 043 o )},

Where the following functions are defined:

() =x[2- (1 +2) - (1-%)] 2.33.

xX=— 2.34.

ho

Xso = —_(Eo A Ao) 2.35.

Where # is Plank’s constant and o is the angular frequency. E,
and A, are critical point energies and are defined as!3:
E,(x) =1.425+1.55x +0.37x? 2.36.
A,(x) =0.37 +0.10x — 0.10x> 2.37.

The constants A, and B, are determined empirically by fitting
to experimental data:

A (x)=6.3+19.0x 2.38.

B,(x) =9.4-10.2x 2.39.

Finally it is well known for lossless materials, that the dielectric
constant and refractive index are related through the
relationship:

n(o) =+/&,(0) 2.40.

It is therefore possible to calculate the spectral dependence of
the refractive index of AlGaAs, for various levels of
aluminium content. Figure 2.10. shows the spectral
dependence of AlGaAs for 0, 10, 20, 30 and 40 % aluminium
concentrations.
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Figure 2.10. Spectral dependence of the refractive index of AIGaAs for various aluminium
concentrations.

2.3.2. Refractive Index of AlGaAs Quantum Waells.

When excited below half bandgap the linear refractive index of
AlGaAs MQW structures, has been shown to be related to that
of the bulk compound, which contains the equivalent average
aluminium 14. In MQW material there also exists a polarisation
dependence, and the value of refractive index must be deduced
separately for the TE and TM modes, using weighted models

for the separate modes:

TE Mode
nd¥Ww+n2Wh
‘ 2.41.
nIE® W, twu
TM Mode
« nwn b(W w + W b) 2.42.
M BWw+n;,VVb

These relationships are derived using because different

boundary conditions exist, for the two orthogonal polarisations
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of the light, and only the light hole contributes to absorption in
the TE case.

2.4. Optical Nonlinearities in AlGaAs.

Generally optical nonlinearities in semiconductors fall into one of
two categories:

* Resonant nonlinearities.
* Nonresonant nonlinearities.

Resonant nonlinearities are those which are concerned with the
generation of carriers in the semiconductor. Essentially when
photons possessing energies greater than the bandgap are absorbed,
electrons move from the valence band into the conduction band. If
the light is relatively intense large carrier densities can be generated,
and this will alter the characteristics of the semiconductor, which
then leads to nonlinear behaviour. Examples of resonant
nonlinearities are band filling15, plasma effects16é and optothermal
effects1”.

Although the light intensities needed for the observation of
resonant nonlinearities is small compared with that required for
nonresonant nonlinearities, they do have some drawbacks. Not
least of these is the fact that they require the production of carriers,
and therefore limit the throughput of the device due to the optical
absorption. Another problem is that the generated carriers have a
finite lifetime, which is normally in the region of at least
nanoseconds, and can be as long as milliseconds. Therefore, unless
some method such as sweeping the carriers out by an electric field is
used, these type of nonlinearities are not fast enough for ultrafast
nonlinear optical studies.

Nonresonant optical nonlinearities are in general much smaller
than resonant ones, however, they are less wavelength sensitive.
Their main advantage is that they are directly due to the incident
optical field, and hence their effects are essentially instantaneous.
The most commonly investigated process are nonlinear refraction
(Kerr effect) and second harmonic generation, but effects such as
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three wave mixing and parametric oscillation are also very
important.

2.4.1. Two Photon Absorption.

Two Photon Absorption (TPA) is a process whereby photons
with energies less than the semiconductor bandgap, can
generate real carrier populations. TPA was predicted early on
this centuryls, but since the TPA coefficient is related to the
intensity of the incident light, it was not experimentally
verified until after the invention of the laser?”.

TPA occurs when a carrier from the valence band is excited
into the conduction band via an intermediate state, by
absorbing two photons whose individual energies are lower
than the bandgap, but the combined energy is greater than it.
This state can be anywhere within the semiconductor band
structure, but momentum must also be conserved during the
transition. Also since energy has not been conserved2?, the
electron cannot exist in this intermediate state for a time
greater than that governed by the uncertainty principle. It is
known that the highest probability for a transition is when the
energy difference between the two states is at its smallest?1.
When a second photon arrives within the uncertainty time the
electron will reach its final excited state.

The TPA coefficient can be defined along with the linear
absorption coefficient (section 3.3.), as the rate of change of the
intensity of light propagating through the medium, this can be
expressed by Beer’s law:

— =—ol-pI* 2.43.
. B

Where B is the TPA coefficient, z is the propagation distance

into the material, I is the light intensity and a is the linear

absorption coefficient. Equation 2.43. can be solved for the

intensity as a function of distance:

I(z)= 10loe” 2.44,

T a1 )
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Equation 2.44. makes it clear that one of the easiest ways to
determine f, is by measuring the sample transmission for
various input intensities, where an input beam possessing
photons with energies in the range Eg/2 < o <Egis used. In
general B can be represented for many semiconducting
materials by?22

B(w)=K r (200) 2.45.

2E3 L E, J
Where K is a material independent constant, n is the refractive
index, f is a function which depends on the band structure and
E, is the Kane momentum energy which is nearly material
independent, with a value around 21 eV for most
semiconductors.

2.4.2. Kerr Type Nonlinearity.

Early attempts to theoretically model the nonresonant optical
nonlinearity, relied on Kramers-Kronig. transformations of
nonlinear absorption effects, such as TPA, Raman transitions
and the ac Stark effect. Using a simple two band model for a
direct bandgap semiconductor, the nondegenerate nonlinear
absorption was calculated, and then transformed using the

Kramers-Kronig integral to define the nonlinear refraction
23.
as?3:

An(w;Q) =S J.Acx((z) Q)

0

Where An is the change in refractive index, Aa is the change in
the absorption coefficient brought about by a perturbation at Q,
and g denotes the principal part of the integral, which
essentially excludes the singularity at @ = @. This nonlinear
Kramers-Kronig relation essentially means, that if the
absorption coefficient changed under illumination by intense
light, there will be a corresponding change in the nonlinear
refraction, although it may occur at a different wavelength. The
values given by this formula, were shown to be consistent with
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known experimental data for various materials refractive
index.

Recently this theory has been superseded by the use of a Kane
band structure model, to determine the ultrafast nonlinear
refraction (n2) of semiconductors. The model uses the four-
band structure as shown in figure 2.1., and has been shown to
be accurate in providing values for the TPA coefficient in
several zinc-blende semiconductors24. The values for <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>