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Abstract

The resonant refractive and absorptive optical nonlinearity of a GaAs/GaAlAs single
quantum well waveguide are characterised; hh and lh excitons are well resolved at room
temperature. The unsaturated resonant nonlinear refractive index coefficient nz was
1.4x10-8 cm2/W, measured using the external Mach-Zehnder interferometric technique. It
has been shown that the recovery time of the resonant nonlinearity is reduced to 125 ps (1/e
recovery time), by placing the single quantum well close to the top surface. All-optical
switching of an integrated asymmetric Mach-Zehnder interferometer is demonstrated and it
was shown experimentally and theoretically that due to the absorption saturation, a
complete switching is not possible.

The nonresonant nonlinear optical properties of GaAlAs waveguide were characterised at
photon energy below half the band gap. The nonresonant nonlinear refractive index
coefficient nz was calculated from the spectral broadening measurements due to self-phase
modulation effect in GaAlAs waveguides, and it was found to be
=(5.410.5)x10-14 cm2/W. The two-photon absorption coefficient, below half the band
gap, was 3=0.14 cm/GW.

We report the first observation of ultrafast all-optical switching in an integrated asymmetric
Mach-Zehnder interferometer, using the nonresonant nonlinearity in Gag,g2Alp,18As below
half the band gap. A relative switching fraction of more than 80% has been achieved using
330 fs pulses at around 1.55 um from a coupled-cavity mode-locked colour centre laser.



Chapter 1

Introduction

Optical data transmission systems offer the potential of operating at extremely high data
rates, the frequency of the optical carrier is on the order of 1014 Hz. The transmission
medium, single mode optical fibre, having an attenuation loss as low as 0.2 dB/Km at 1.55
pum and 1.3 pm with zero dispersion is used for long-haul telecommunications. For these
optical wavelengths, a single mode fibre transmission system can be operated at a 20 to 100
Gbit/s data rate over a distance over 100 Km [1]. Some of the components required for
such an optical system operating at 100 GHz are available, at least in the laboratory, e.g.
mode-locked semiconductor laser [2] and ion implanted photodetector [3]. Using these
extremely fast opto-electronic components, it is possible to convert a high-speed electrical
signal into an optical signal, transmit that optical signal over a long distance, and then
reconvert the optical signal back into an electrical signal. However, doing the signal
processing in the electrical domain has its fundamental speed limitation at about 1 GHz for
silicon integrated circuits and at about 10 GHz for less matured GaAs integrated circuits.
The ability of performing logic operations in the optical domain will enhance the flexibility
and speed of such system.

These optical logic devices are known as all-optical switches and are based on the optically
induced nonlinear material effects. These nonlinear effects results in the optical output
depending nonlinearly on the optical input. The nonlinear optical effects usually take place
at very high optical intensities, and the index of refraction is described by;

n=n,+ nZI

where ng is the linear refractive index and the second term, nsl, is the nonlinear
contribution, I is the optical intensity inside the medium. Another nonlinear material effect
that can be employed is saturable absorption, a term applied to the phenomenon where the
absorption of a material decreases with the increasing incident optical intensity, and at some
point the absorption of the material saturates and therefore becomes dependent on the
incident optical intensity.

For the utilisation of the full fibre bandwidth many data formats are imaginable including
frequency or time division multiplexing (FDM or TDM). FDM could be implemented by
using a number of modulated semiconductor lasers operating at different wavelengths



which are simultaneously transmitted. This technique takes the advantage of the tuning
properties of semiconductor lasers as well as the relative simplicity with which the channels
may be sorted by using a frequency selective element, e.g. grating. The use of TDM
involves the use of one laser, and the high rate data pulses could be used with the
information serially encoded by modulation of the pulse stream. Several data streams could
of course be interleaved. This scheme takes advantage of the ability to mode-lock
semiconductor lasers to produce a stream of short, intense pulses. TDM has the added
advantage that the high peak intensity of the optical pulses can be allowed to interact in a
nonlinear optical medium.

The most pressing needs in the area of nonlinear optics are the identification of new
materials as well as the reassessment and improvement of the existing ones. The important
parameters of nonlinear optical materials, include the second-order or third-order nonlinear
response and saturation level, are the relaxation time and the damage threshold. In addition,
availability or ease of fabrication play an important role in the choice of materials. Recently
an intense research effort has been aimed at the development of organic and polymeric
materials. These materials are attractive because of the demonstration that large nonresonant
nonlinear responses can be found among certain structural classes [4]. At the moment,
however, the field of organics is minimally developed. On the other hand, semiconductors
have been extensively researched, which possess large resonantly enhanced third-order
nonlinearities. Semiconductors will have a particularly dominant role to play in the future of
nonlinear optics since material and fabrication techniques are well developed in both the
electronics and linear optics industries. Essentially every guided-wave device currently used
for electro-optic switching and modulation, beam-splitting, etc...., can be made into an all-
optical switch by using waveguide materials with nonlinear optical properties.

Intensity dependent refraction has been observed in 1964 in liquids by Maker et al. [5],
they measured values of up to 10-2 esu for x(3). In 1966, Patel et al. [6] measured values of
x3), using a Q-switched COj laser, for InAs, InSb and GaAs of 1.8x10-10 esu, 8x10-14
esu and 7x10-12 esu respectively. However, saturated absorption in GaAs was reported as
long ago as 1965 by Michel and Nathan [7], they observed an increase in the transmission
by a factor of up to 14 in Mn doped GaAs at high intensity. Although observations of
nonlinear refraction in various materials continued to be reported, general interest in this
field was low over this period since it was felt that the nonlinearities were too small to
produce a useful all-optical device. However in 1978, Miller et al. [8] measured x(3) values
of up to 10-2 esu in InSb for frequencies just below the band edge.

There are a wide range of materials can be used for nonlinear optical devices, but more
work is focused on III-V semiconductors due to the attraction of possible integration of



such devices with other optical elements, e.g. lasers and detectors. Therefore the nonlinear
optical properties of such materials have been investigated, and it is now generally accepted
that MQW structures produce enhanced nonlinearities over bulk material. D. Chemla [9]
have shown that MQWs made of GaAs/GaAlAs have great potential for use as a nonlinear
material in optical switching and signal processing devices.

Optical bistable devices were first produced in 1979 by two groups, Gibbs et al. [10] and
Miller et al. [11], using an etalon which consisted of a GaAs/GaAlAs epitaxial layers
structure grown by MBE with 90% reflectivity coatings. A laser source continuously
tunable in the wavelength range 770 nm to 870 nm was used and bistability was observed
from 5 °K to 120 °K. The values of () deduced from these experiments were from 10-5 to
104 esu. Miller et al. [11] observed nonlinear transmission in a plane parallel InSb crystal,
the Fabry-Perot interferometer was formed by the natural reflectivity of its surfaces. The
value of () deduced was 1 esu at a temperature of 5 °K. These bistable etalons can be used
to operate as all-optical modulators with or without hysteresis. A bistable etalon without
hysteresis was shown to exhibit an optical transistor action [12]. The hysteresis provided
the required condition for a memory device. In 1982 another important achievement was
reported by Gibbs [13] of demonstrating a room temperature bistable etalon in multiple
quantum well material. The layer structure of the MQWs consisted of 336 A thick of GaAs
well and 401 A thick of GaAlAs barrier. Later in the same year, it was reported another
bistable etalon in GaAs at room temperature. It was shown that the required switching
power was lower in the MQW material and also the hysteresis loop was wider.

The attractive features of using waveguides for implementing efficient nonlinear interactions
were recognised in the early days of integrated optics [14]. The key factors are; firstly the
high power density due to the optical confinement offered by the waveguide small cross-
sectional area and secondly, the diffractionless propagation in two dimensions which leads
to long interaction lengths. Much of the work on the fabrication of thin film waveguides
was made possible by the rapid development of photolithographic techniques and by the
motivation to built integrated optical circuits. In early 80 's, it was realised that standard
integrated optics devices could be operated in an all-optical mode by introducing waveguide
media with intensity dependent refractive indices [15-17]. Now it is believed that such
devices can be used for all-optical signal processing at speeds limited only by the "turn-off™
time of the nonlinearity.

In 1982 Jensen [18] proposed a nonlinear directional coupler useful for optical processing
but not bistable device. This device has subsequently been examined in detail and many
interesting regimes of operation have been predicted [19-21]. K. Kitayama and S. Wang
[22] proposed the use of the nonlinear directional coupler for optical pulse compression



caused by the intensity dependent refractive index property in the interaction region. Their
theoretical calculations predict that the pulse compression to less that 1/5 of the original
pulse width is achievable. In 1985 P. LiKamWa [23] demonstrated a nonlinear directional
coupler in a MQW waveguide. A partial switching of power between the two coupled
waveguides was achieved by varying the intensity of the input light beam. The sample was
cooled to 180 °K to reduce the large absorption of the MQWs close to the band edge. In the
following year LiKamWa et al. [24] observed an all-optical switching in a passive
GaAs/GaAlAs MQW waveguide resonator at room temperature and have shown that the
mechanism responsible for the switching was not due to thermal effects.

In 1983, an all-optical logic device was reported [17], the device based on the Mach-
Zehnder interferometer. The principle of operation was demonstrated in a LiNbO3
substrate. The experiments were performed with a near-infrared dye laser which produced
5 ps pulses at A=840 nm. The possible applications of the device structure were as an all-
optical inverter, an XOR gate and an AND gate. It was suggested [25] that a similar device
made in GaAs or a MQW structure would operate at a lower power level.

The discovery that an active MQW laser structures emits radiation at an energy below the
band gap of the passive MQW waveguide [26] means that lasers and waveguide devices
can be fabricated on the same chip [27]. The nonlinearity associated with room temperature
exciton absorption of the MQWs can be saturated at powers and wavelengths compatible
with the semiconductor laser diodes. One of the most important parameters which
characterises a nonlinear optical element is the temporal response. The typical recovery time
of the absorption in GaAs is ®10 ns and in GaAs/GaAlAs MQW =5 ns [28]. Waveguide
geometry may shorten the recovery time of the resonant nonlinearity due to the diffusion
and surface recombination of the photogenerated carriers [29]. Y. Silberberg et al. [30]
showed that a proton bombardment of GaAs/GaAlAs MQWs shorten the recovery time of
the excitonic absorption to 150 ps without affecting the absorption characteristics or the
saturation energy of the MQWs. P. LiKamWa et al. [31] demonstrated an all-optical
switching action in a nonlinear directional coupler fabricated in GaAs/GaAlAs MQW with a
recovery time of 130 ps. The large reduction in the switching recovery time was obtained
by the application of an external DC bias which swept out the carriers from the QWs.

To implement nonlinear waveguide devices it is important to measure the waveguide
nonlinearity, including its magnitude, sign and speed. The measurement techniques of the
waveguide nonlinear optical properties are the nonlinear prism and grating coupling,
degenerate four wave-mixing, pump-probe transmission measurements, intensity
dependent birefringence and external Mach-Zehnder interferometers.



Y.J. Chen and G.M. Carter [32] developed the nonlinear grating coupling technique to
measure the magnitude and sign of the intensity dependent refractive index change in GaAs
and Si at a wavelength of 1.05 um and 1.11 pum respectively. J.D. Valera et al. [33] used
the nonlinear prism coupling technique to measure the optical nonlinearity in thin film liquid
crystals. Nonlinear prism and grating coupling have been widely used to investigate
nonlinearities in Polydiacetylene, Si, GaAs, GaAs/GaAlAs MQWs, liquid crystal,
semiconductor doped glass, silicon on sapphire, ZnS and ZnO waveguides [34-40].

The degenerate four-wave mixing technique has been used to measure the magnitude and
the "turn-off” time of nonlinearities in waveguides. This technique does not yield the sign
of the nonlinearity and was used in liquid carbon disulphide [41] and ion-exchanged
semiconductor doped glass waveguide [42].

The pump-probe technique is appropriate for studying nonlinearities related to absorption
changes by monitoring the power dependence of the guided wave attenuation [43]. This
technique has been applied to channel waveguides made from semiconductor doped glass
[43, 44].

The external Mach-Zehnder interferometric technique was first used to measure the
nonlinearities in MQW GaAs/GaAlAs strain-induced waveguide [24] and ion-exchanged
semiconductor doped glass waveguides. This technique yields the magnitude and the sign
of the nonlinearity. D. Cotter et al. [45], used the pump-probe interferometric technique to
measure the refractive and absorptive optical nonlinearities in semiconductor-doped fibers
with picosecond time resolution.

Layout of the Thesis:

The aim of the research carried out during the course of this investigation was the
experimental observation of switching action in all-optical devices based on the nonlinear
asymmetric Mach-Zehnder interferometer AM-ZI and directional coupler NLDC in
GaAs/GaAlAs semiconductor structures. Chapter 1 is intended to provide a broad
introduction to the motivation behind nonlinear integrated optics research. It includes a
discussion of the materials that have favourable properties for integrated optics. Chapter 2
contains a brief introduction to quantum wells and the linear and nonlinear optical properties
of the bulk and QW semiconductors. It includes a description of the electro-optic properties
of these semiconductor materials. Chapter 3 outlines the theory of the one and two
dimensional waveguides. It includes the design steps of GaAs/GaAlAs heterostructure and |
MQW waveguides, and the calculation of the QW hh and lh excitonic transitions. Chapter 4



describes the growth and spectroscopic characterisation techniques of GaAs/GaAlAs
epitaxial structures. It includes the photocurrent and photoluminescence spectroscopy. In
this chapter we present a study of the disordering techniques of GaAs/GaAlAs MQW band
structure. Chapter 5 presents the experimental results of the linear characterisation of stripe
waveguides. Chapter 6 contains the experimental measurements of the magnitude, size and
recovery time of the resonant and nonresonant nonlinear optical properties of GaAs/GaAlAs
waveguides. The measurement techniques were the pump-probe and external Mach-
Zehnder interferometer. It includes the investigations of the electro-refractive and absorptive
effects in GaAs/GaAlAs p-i-n QW waveguides. Chapter 7 presents the theoretical model
and experimental studies of the electro-optic, the resonant and nonresonant nonlinear
integrated AM-ZI device. Chapter 8 contains the theoretical and experimental studies of the
electro-optic, the resonant and nonresonant nonlinear integrated directional coupler device.
Chapter 9 presents the conclusions of the thesis research and suggestions for future
research.
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Chapter 2

Nonlinear Optical Properties Of GaAs/GaAlAs
Semiconductors

2.1 Introduction:

Almost all materials exhibit optical nonlinearity when they are excited with a very intense
laser beam. However, in most cases the size of the nonlinear effect is so small that it is
virtually non-existent. In semiconductors an enhancement of the nonlinearity occurs near
resonance and the effect can become significant. The nonlinear optical properties of
semiconductor materials can be explained using the classical picture of nonlinear optics. In
this chapter we will discuss the microscopic origins of the optoelectronic and optothermal
nonlinear effects in GaAs/GaAlAs semiconductors and the enhanced optical nonlinearity in
MQWs due to the two-dimension quantum confinement effect (excitonic effect). Finally the
electro-optic effects in semiconductor QWs are described. These effects were used in our
proposed all-optical switching devices (in chapter 7 and 8) to reduce the relaxation time of
the resonant nonlinearity and to improve the throughput of these devices.

2.2 Classical Description of Optical Nonlinearity:

When a dielectric medium is exposed to a beam of light, the electron orbital is elongated
along the axis of the electric field and induces a small dipole component into the electron
charge distribution, and they are affected (polarised) by the external field. This in turn may
influence the propagation of the light waves in that medium.

In terms of a simple classical model in which an electron is visualised as a classic particle of
mass m oscillating in one-dimensional harmonic potential bx2/2, the equation of motion
describing the response (polarisation) of the electron to an external field of a given
frequency wis [1]:

2
m%T’;+o%%+bx= —eg, expliot) (2.1)
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where b is the classical restoring force, ¢ is the damping coefficient, € is the electron charge
and x is the displacement. Assuming that the solution to Eq. (2.1), x(t), is a harmonic
function with amplitude xq such that:

x(t) = Re[x(w) exp(int)] (2.2)

where Re means that we take the real part of the expression. By substituting Eq. (2.2) into
Eq. (2.1) and differentiate it, gives the amplitude x( as:

ee 1
Xo(®) =— mo_

2.3
0’ - 0° + ioc 2.3)

where wg=(b/m)1/2 is the resonant frequency. The polarised electron by the external field

induces a dipole -ex, and for N electrons in a unit volume, the total polarisation is:

P(w) = —Nex, 2.4)

The electronic susceptibility x(w) is defined as the ratio of the complex amplitude of the
induced polarisation to the amplitude of the external field multiplied by € :

_ )
OR s (2.5)
2
x(w) = Ne— ——1 (2.6)
€E,M 0O, -0 +inc
X(®) has a real and imaginary parts, i.e. y(w)=)'(w)-i)"(®w) where:
Ne?/ e, m . o o
(o) = 5 ~[(0f - 0*) —ig 0] (2.7)
(0f —0*) +(zw)

Fig. 2.1 shows a normalised plot of %'(®w) and %"(w), the real part represents the optical

wave dispersion (refractive index) and the imaginary part represents the absorption. With
reference to Fig. 2.1, at resonant frequency w=ay, the absorption is at its maximum and the

dispersion goes to zero, also the dispersion is still high at frequencies away from resonance
at which the absorption is very small.
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Fig. 2.1 A plot of the real (") and imaginary (") parts of the electronic
susceptibility.

For any material, the real and imaginary parts of the susceptibility are linked by the
Kramers-Kronig transformation [2,3]:

x(w) =21 ? ~21(Q) d0 (2.8)

IT

aln

oy m— }

x(w) = —5?—(02 $'(Q) dQ (2.9)

Q

where I1 denotes the principal part of the integral. This transformation implies that the )’
(refractive index) can be calculated at any frequency from a knowledge of the %"
(absorption) at all frequencies. The change in the refractive index An at any frequency can
be related to the change in absorption Ao at all frequencies by using the following
expression [4]:

(2.10)

This relation indicates that any change in absorption results in a change in refractive index
of the material and vice-versa.

In semiconductor materials, the electron and hole particles have energy levels that are
calculated from the Schrodinger equation, and when absorption of photon takes place (at
resonance), electrons make jumps between these quantum states across the semiconductor
forbidden gap Eg. It is possible to apply the above classical model to an intrinsic
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semiconductor by putting wo=Eg/h. The semiconductor band gap play an important part in
determining the polarisation properties of the material even when the frequency of the
applied field is much smaller than the Eg/h. Therefore it is necessary to have a good
knowledge of the band structure of the bulk and QW semiconductor materials, which will
be outlined in the next section.

From Eq. (2.5), the polarisation is a linear function of the external applied field. When the
semiconductor material is subject to an intense optical field, the polarisation will not be a
linear function of the applied field, and can be expressed as a Taylor series in power of the
optical field [5]:

P=Ye x"(w)el (2.11)

where %@ is the nth order susceptibility,
ey =g,(k,, 0,) g5(k,,0,) ...g,(k,, ®,) (2.12)

each component of the electromagnetic field is characterised by its wave vector k and
frequency . x(™ can be derived in the same manner as x(1), Eq. (2.6), by adding higher
order terms to the harmonic potential in Eq. (2.1), x(™ is a multiple function of the linear
electronic susceptibility y(1).

The second order susceptibility %(2) describes nonlinear effects such as the second
harmonic generation, three-wave mixing, parametric amplification/oscillation, frequency
up-conversion, optical rectification and Pockels electro-optic effect [6]. These effects are
beyond the scope of this work, except the last effect. The third order coefficient x(3)
describes nonlinear effects such as four-wave mixing, optical phase conjugation, Kerr
electro-optic effect, stimulated Raman/Brillouin scattering, two-photon absorption and the
field or intensity dependent refractive index change. The effects emerge from the field
(intensity) dependent refractive index change are: self-phase modulation, self focusing,
soliton propagation and optical bistability. The field (intensity) dependent refractive index
change can be expressed as:

n=n_+ n,‘,le(t)l2

or (2.13)
n=n,+n,l(t)

14



where ng is the linear refractive index, I is the optical intensity and n; is the nonlinear
refractive index coefficient. n; is expressed as [7]:

x(:!)
nz(SD =-§c—n,‘,—- (2-14)
0€o

c is the velocity of light and € ¢ is the free space permittivity. The nonlinearities which are
investigated in this project arise from %(3), which can give rise to both the nonlinear
absorption and refraction effects in the semiconductor materials.

In the above description of nonlinear effects, only the classical nonlinear effects have been
considered. However, in semiconductors additional effects which occur. When photon
energies close to or above the band gap are incident on the semiconductor, then the photons
will be absorbed and photogenerated carriers will be induced which modifie the dielectric
constant and consequently alter the semiconductor refractive index. These effects are
known as resonant nonlinear effects, while other effects which do not involve generation of
real carriers are known as nonresonant nonlinear effects.

In the following sections, the microscopic origins of the nonlinear effects are discussed for
both GaAs/GaAlAs bulk and multiple quantum well MQW materials.

2.3 Microscopic Origins of Optical Nonlinearity in Semiconductors:

In semiconductors, there are various mechanisms which contribute to the nonlinear effects.
The dominant contribution to ny depends on number of factors such as the material band
structure, photon energy, intensity and temperature. These mechanisms are divided into
two sections, optoelectronic and optothermal nonlinearities.

2.3.1 toelectronic Nonlinearity in GaAs:

2.3.1.1 Band Filling:

When photons with an energy corresponding to the band gap of a semiconductor are
absorbed, electrons are promoted from the valence band to the conduction band. These
photo-excited carriers rapidly relax within the band, intraband transition ( 50fsec ), to form
a thermal distribution. Recombination between bands (interband transition) occurs on a
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much longer time scale than intraband transition processes, e.g. in GaAs it is about 12nsec.
Therefore, these photo-generated carriers will occupy energy levels at the band extrema and
block any further transition to these states, via Pauli exclusion principle. This will shift the
semiconductor effective band gap to larger energies, this is known as the Dynamic
Burstein-Moss shift [8]. This shift in the band gap will be followed by a change in the
photon absorption. From the Kramers-Kronig (K-K) relationships, this will induce a
change in the refractive index of the material. The nonlinear coefficient ny, caused by the
band filling effect, is expressed as [8]:

n_—8\/_ezh ko PL1_

273 o momg 2 Nt kT
a(ho)t, u(hw E,) 215

o @.15)
(hw)
where

1/2—x

J(a)_j"x — dx

here m¢ is the conduction band effective mass, J is the electron-hole reduced effective mass
( L = mgmy/(me+my) ), T; is the carrier recombination time, k is the Boltzmann constant and
P is the momentum matrix element. J(a) is a dimensionless resonance function, the resonant
behaviour of J(a) is shown in Fig. 2.2. As the detuning from the band edge is decreased the
value of nj increases through the function J(a).

2
CIRE
g
0 : : :
-3 -2 1 0 1

Fig. 2.2 The resonant function J(a), dimensionless, plotted against
a=p(ho-Eg)/mckT (after ref. 8).
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2.3.1.2 Plasma Effects:

The photo-generated carriers also contribute to the refractive index through the plasma
effect, the plasma induced nonlinear refractive index coefficient n; is expressed as [9];

at,e’

—_— (216)
2ho’e ,n,m

n (plasma) = -

where m™ is the effective mass of the carriers, e is the electron charge and a is the
absorption coefficient. It can be seen that there is no resonant term in ny(plasma). Close to
the band edge, the plasma effect is usually small compared to other nonlinear mechanisms.

2.3.1.3 Nonlinear Excitonic Effect in GaAs:

In the previous sections the coulombic interaction between the photo-excited carriers has
been neglected. The inclusion of such effects gives rise to other potential sources of
optoelectronic nonlinearity.

The electrons in the conduction band and holes in the valence band, as electrically charged
particles, interact through the Coulomb potential. This interaction is repulsive for equally
charged quasiparticles and is attractive for oppositely charged quasiparticles. The attractive
interband interaction causes a strong correlation between electrons and holes and may lead
to the formation of bound states (excitons). These excitons may be regarded as hydrogen
atom-like quasiparticles which are characterised by the Bohr radius, expressed as:

4neh’
Q= (2.17)

pe

where | is the reduced mass of the electron-hole pair (U=1/m¢ + 1/myp), where me and mp
are the electron and hole masses respectively. The binding energy of the ground state
exciton is given by:

4

e’y
B,, = - (2.18)

8 e?h’

The negative value of B3p is the Rydberg constant, Ry, (i.e. B3p=-Ry). There is an infinite
series of exciton levels, and the energy of the nth level is given by:
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D y
E, =E, - — (2.19)
where Eg is the band gap energy and n is an integer (n=1, 2, 3 ...). In GaAs the Bohr
radius and binding energy of the ground state are 140 A and 4.2 meV, respectively [10].
The exciton effect is seen as a sharp peak, in the absorption spectrum of the semiconductor

material, just below the band edge as shown in Fig. 2.3.

o« (cm-Y)

J /
/
[

"
Exciton Eg Energy

Fig. 2.3 The absorption coefficient o (cm1) as a function of photon energy for a
bulk GaAs, the exciton line is just below the onset of the band-to-band transitions

across the forbidden gap Eg.

When the carrier density is increased, the Coulomb interaction will be screened and the
exciton will ionise. Therefore, photogenerated carriers cause screening of the Coulombic
potential and result in a change in the absorption spectrum followed by a change in the
refractive index. A

Gibbs [11] used a two-level transitions model to calculate the nonlinear refractive index

coefficient, which is given by:

n — (xe)(ﬂc A
R (1+AZ)2

(2.20)

where A is the detuning from resonance, I is the saturation intensity and 0Oy is the exciton
absorption coefficient. At low temperature, the dominant mechanism of resonant
nonlinearity in GaAs has been shown to be due to the exciton saturation [12]. As the
temperature is increased, the excitonic peak is thermally broadened due to the scattering
with the longitudinal optical LO phonons, and at room temperature the excitonic resonances
are not seen in the absorption spectrum.
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2.3.2 Opto-Electronic Nonlinearity in GaAs/GaAlAs MQWs:

It has been found that the magnitude of the electronic nonlinearity may be enhanced over
that found for bulk semiconductors by the use of quantum wells. In order to understand the
electronic nonlinearities in the semiconductor QW structures, it is vital to present the
concept of quantum well band structures.

2.3.2.1 GaAs/GaAlAs QW Band Structure;

These QW structures consist of a thin layer of GaAs sandwiched between two layers of
GaAlAs. This double heterostructure system is referred to as QW, because their band
structure form a well (GaAs) with a barrier (GaAlAs). The height of the barrier in the
conduction and valence bands is given by AE¢ and AEy respectively, as shown in Fig. 2.4.
The well width is chosen to be thick enough (Wy>20 A) that the layers have the
characteristic properties of a GaAs crystal, and thin enough (Wy,<300 A) to ensure that Wy,
is shorter than the mean free path. When the two intrinsic semiconductors have similar
lattice structures and constants, then the band discontinuity at the GaAs-GaAlAs
heterojunctions can be considered abrupt enough so that it is possible to model the QW as a
finite square well.

AE Ee_ o~

{---F*=
Eg (GaA
Y - L -

AE Ehmr B E—

Eg (GaAlAs)

Fig. 2.4 Schematic diagram of the conduction and valence bands structure of
GaAs/GaAlAs quantum well.

The confined electrons and holes in the well are free to move in the plane of the well (x-y
plane) while its motion is limited by the formed barriers in the z-direction. The confinement
effect gives rise to electron and hole bound states which can be described by solving the
time-independent Schroedinger equation:
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HW¥(z) = E¥(z) (2.21)

where ¥(z) is the wavefunction of the particle in question and E is the energy of the
particle. The Hamiltonian H, for a finite potential well, is given by:

2 2

_h* &
2m-° dz2

H=

for the region in the well, and

2 2

h™ d
5m- F-'- V0

H=-
outside the well, where h is Planck's constant divided by 2r, m* is the effective mass of
the particle in question and Vj is the height of the potential barrier. As described in section
3.6, the electron and hole effective masses depend on the composition of the material,

therefore two different masses (m',, h) in the well and (m'c, h) in the barrier were used.
w b

Equation (2.21) has a finite number of bound-state wavefunction solutions which are
sinusoidal within the well and decay exponentially outside it. Thus:

‘I‘(z)=Aek‘l z<-W,/ 2

¥(z) = Bsink,z + Ccosk,z |l <w, 72 (2.22)
k. z

¥(z) =De ° z>W,/ 2
2m'b(V0—E) 1/2

ki=k, = 12

2m,E |1/2
k,= h2

where A, B, C, and D are constants obtained by setting the boundary conditions such that
¥ and its derivative are equal at z=tW,/2. The solution to Eq. (2.21), for a finite square

well, is given by [13]:
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which is solved numerically to calculate the nth eigenvalue E. Each of these solutions is

1/2

- (V,—E

ww—tan"[ﬁf.( = ) ]—nn=0 (2.23)
b

characterised by a quantum number n and has a discrete energy E;. Fig. 2.5 shows a sketch
of the wavefunctions for the lowest three energies. The exponential decay of the
wavefunctions outside the well depends strongly on the difference Vy-E, and is equal to
zero for an infinite square well.

a-Ww_p
Ee3 Y3 ] n=3 T
\/
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- ‘- T Z
Wy 0 Wy
2 2

Fig. 2.5 Schematic diagram of the conduction band structure of a quantum well,
the well width and the barrier height are Wy, and V, respectively. n; and ‘V; are the

ith quantum energy level and electron wavefunction, respectively.

The three dimensional dispersion relation (energy E versus wave vector k) of a particle
(electron or hole) in a quantum well is given by:

h?k?  h°k,

E=E, + oo + S

(2.24)

where Ej, is the nth quantization energy level in the z direction, which is found from the
solution of the Schrodinger equation, and kx and ky are the De Broglie wave numbers in the
x-y plane of the well. Fig. 2.6a shows the energy sub-bands, in the conduction band, as a
function of the wave vector k. The density of states of electrons p, associated with the sub-
bands, is shown in Fig. 2.6b as a function of the energy E. The dash curve is for the bulk
(three-dimensional) parabolic band where the density of states goes as E1/2. The solid line
represents the density of states for the QW (two-dimensional) which has a step-like form.
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In the valence band, the same above picture can be followed to draw the energy sub-bands
of the holes in the QW. The energy levels are measured from the top of the valence band.
The position of these levels is not the same as that in the conduction band because both the
barrier height AEy and the effective mass of the hole are in principle different from the
height of AE, and the electron effective mass.

(a) (b)

Fig. 2.6 a) the construction of the total energy dispersion electron in the conduction
band of a quantum well structure, Z is the direction perpendicular to the QW, b)
The density of the states of a QW, the broken line indicates the form of p for a bulk

crystal.

With reference to Eq. (2.23), the difference in the effective masses of the heavy hole hh and
light hole 1h gives two different eigenvalue states. Therefore the degeneracy of the hh and lh
sub-bands at k=0, in bulk GaAs semiconductor, is lifted in the QW structure due to the
quantum confinement effect.

From the band structure picture of the QWs, it is clear that the required photon energy to lift
an electron from the valence band to the conduction band, of the lowest states, should be
greater than that of the bulk gap of the GaAs, i.e. Eg(QW)=Eg(GaAs)+E¢1+Epn1, where
Ee1 and Epp are the energies of the lowest confined electron and heavy hole states,
respectively. The allowed transitions across the forbidden gap are only possible between
the states of the same quantum number, these possible transitions follow the selection rule
[14] which require zero difference between the initial and final quantum states (i.e. An=0).
The optical transitions depends on the density of states and the selection rule, and hence the
absorption coefficient a(hw) shows a step-wise increase in absorption as the photon energy

increases above the band gap.
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2.3.2.2 Excitons in s/GaAlAs QWs:

We have seen in bulk GaAs, that the exciton radius is of the order of 140 A with a small
binding energy =4.2 meV. In QWs, the exciton binding energy is modified significantly
due to the quantum confinement effect. Solving Schrodinger wave equation in two-
dimensional space gives an exciton binding energy as [3]:

RY
B, = -—I— (2.25)

2D 2
(n-2)

Therefore the reduction of the dimensions of the electron and hole distributions has
increased the binding energy of the exciton. Hence the 2D formed ground state exciton
(n=1) would have four times the energy (4Ry) and half the radius of the 3D exciton. In
practice, due to the finite barrier potential, the penetration of the electron and hole
wavefunctions into the barrier increases as the well width decreases, therefore for a very
thin wells the exciton binding energy and radius tend to that of the 3D exciton of the barrier
material. There is an optimum layer thickness that corresponds to a maximum binding
energy, this optimum is typically found for a3p/2<Wy<azp for which -3Ry<Be].hh1<-2Ry
[15]. Greene et al. [16] calculated that, for Gag 7Alp 3As barrier, the hh-exciton binding
energy increases to 9.5 meV as the well width is decreased to 40 A and then decreased for
narrower wells.

In the absorption spectrum of the QWs, the excitonic peaks appear at photon energies just
below the QW band-to-band transitions, i.e. hw=Eg(QW)-Bex, as shown in Fig. 2.7.

Fig. 2.7 The absorption coefficient o. (cm™1) for a QW structure as a function of
photon energy, a. can be seen to follow the step-like character of the density of
states. The sharp feature near the edge of each step is the exciton contribution to Q.
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An interesting property of QW structures is that, due to the quantum confinement effect the
band-to-band transitions are predicted to be anisotropic for light propagating parallel to the
plane of the layers [17]. This property arises from the nature of the light and heavy hole
valence sub-bands. As predicted by the selection rules for absorption, the interaction of the
hh and lh excitons with a linearly polarised light is strongly dependent on the polarisation
direction. The oscillator strengths of the hh and lh band-to-band transitions are predicted to
be 3/4 and 1/4 respectively for light polarised in the plane of the layers (TE), and 0 and 1
for light polarised perpendicular to the layers (TM). These assignments have been
qualitatively verified by spin polarization measurements [18,19]. The highly anisotropic
optical absorption of the QWs was explained in term of the crystal symmetry and the
angular momentum of the sub-bands [14]. Measurements of the polarisation dependent
absorption in a SQW waveguide structure, for both the TE- and TM-modes, confirmed the
predictions of the selection rules [40]. Similar results have been obtained during the course
of this project on a SQW GaAs/GaAlAs waveguides for both polarisations.

2.3.2.3 Enhanced Optical Nonlinearity in QWs:

The enhanced dynamic nonlinear effects in MQW structures result from the strong excitonic
binding energy due to the quantum confinement effect. This nonlinear effect is resonant and
is largest at photon energies equal to or above the excitonic peaks.

When electron and hole are injected into the semiconductor QW exciton is formed, as
described above. As the density of the carriers is increased, e.g. by exposing the material to
intense light, a phase transition occurs from the insulating excitonic phase to a metallic
phase of electron-hole plasma. The electron-hole plasma occurs when the separation of the
excitons becomes comparable with the exciton radius, and the exciton wave functions are
overlapped. The phase transition will be accompanied by broadening of the exciton line,
reduction of the band gap energy (band gap renormalisation) and decrease of the excitonic
oscillator strength [10,14,20]. The presence of the electron-hole plasma screens the
Coulomb interaction between electrons and holes, and the excitonic absorption peak is
effectively removed, and a corresponding change in the refractive index will result.

The screening or ionisation time of the exciton, in GaAs-GaAlAs MQW is =150 fsec [10],
this is of the same order as that in GaAs [21]. While the recombination time of the plasma
carriers is of the order of nanoseconds, this limits the application of resonant nonlinearity
for a usable ultrafast all-optical switching devices.
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2.3.3 Optothermal Nonlinearity:

Under continuous illumination conditions, thermal effects in semiconductors usually
dominate over the optoelectronic nonlinearities. The contribution of thermal effect on n3 is
opposite to that due to the electronic effects. Therefore, precautions must be taken to avoid
heating, for example heat sinking of the sample and using a pulsed input beam.

As already discussed above, the photoexcited carriers, electrons and holes, survive for a
short time before they recombine again. The recombination of these carriers is of two types;
either radiative or non-radiative recombinations. Radiative recombination involves the
production of photons with energy equal the interband transition energy levels. In the
second type of recombination, the energy of the photo-generated carriers goes to the lattice
in the form of heat.

Nonradiative recombination can occur through traps and dislocation in the crystal structure
[22], defects, surface recombination [23] and auger recombination [24] which involves an
emission of third particle (phonon). As a result of the nonradiative processes, the
temperature of the sample increases. This leads to a shift in the band gap Eg due to the
expansion of the lattice. The variation of Eg with temperature in GaAs has been measured
as [25];

_ _ 5.405x10°°T?
E(T)__=1519 S (eV) (2.26)

An increase in temperature results in a decrease in the energy-gap and a consequent shift of
the absorption spectrum to longer wavelength (red shift). This change in absorption, via K-
K relation, cause a change in refractive index of the semiconductor. The sign of the index
change is positive and as a consequence competes with the negative contribution arising
from the electronic effects.

2.4 Electro-Absorption Effects in Semiconductor QWs:

The effects induced by applying an electrostatic field on the absorption of QWs have been
extensively studied and well documented [26]. The electric field can be applied either
parallel to or perpendicular to the plane of the QWs. Let us consider first the case of the
field applied parallel to the QW layers because it is qualitatively similar to the case of bulk
material [27].
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In bulk semiconductor, the electric field induced effect on the absorption edge is dominated
by the Franz-Keldysh effect [28]. This effect induces a general broadening in the
absorption edge, when a uniform DC electric field (=105 V/cm) is applied to a
semiconductor crystal. A tail is induced in the absorption edge, at photon energies below
the band gap, and oscillations are induced in the absorption spectrum, at photon energies
above the absorption edge. The Franz-Keldysh effect neglect any effect arising from the
Coulomb interaction between electrons and holes (i.e. excitonic effect). At low temperature,
the excitonic effect forms a sharp peak in the absorption spectrum and was seen to broaden
rapidly and shift slightly in energy with the applied field strength [29]. The exciton
broadening is due to the ionisation effect of the exciton in the presence of the electric field,
which tend to tear the electron-hole pair a part.

In MQWs, the applied field parallel to the plane of the QWs, induces absorption effect very
similar to that in bulk material [14]. The only difference compared to the case of bulk
material is that the exciton binding energy and the in plane-wave function are slightly
modified. In both cases, the dominant effect is a broadening of the exciton resonance with
applied field that results from the shortening of the exciton life time due to field ionisation.
Fig. 2.8 shows the spectra of the QW absorption for various electric field strength applied
in the plane of the GaAs/GaAlAs QWs (after ref. 27).
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PHOTON ENERGY (eV)

Fig. 2.8 The absorption spectra of a QW for various electric fields applied in the
plane of the GaAs/GaAlAs QW layers: a) 0 Vicm, b) 1.6x104 Viem and c)
4.8x104 Vicm. (after ref. 27)

When the electric field is applied perpendicular to the plane of the QWs (z-direction), then
the induced effects are qualitatively different from that in bulk material. In this geometry,
the applied field tilt the band of the QW as shown in Fig. 2.9. The electron and hole wave
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functions peak move to opposite ends of the well, in the region where the potential is more
attractive for the particle in question.

Ye(2) A CB.
'1—
Ph(z) P~ i

V.B.

Fig. 2.9 Schematic diagram of the tilt of the conduction and valence bands of a QW
with applied electric field perpendicular to the plane of the well.

The same happens to an electron-hole pair forming an exciton. This reduces the attraction
between the two particles, i.e. the exciton binding energy becomes smaller. However, the
walls of the well prevent ionisation by constraining the particles within the well. Ionisation
and hence exciton peak broadening, can only occur when the particles tunnel out of the
well. The electric field induced effects in MQW structures is known as the quantum
confinement Stark effect QCSE [27,30,31], for field applied perpendicular to the plane of
the QWSs. The QCSE induces two effects, broadening and shift to lower energies of the
excitonic resonances. The broadening is due to the penetration of the electron and hole
wave functions into the barriers, due to the finite barrier height. The excitonic peaks will be
removed from the absorption spectrum when these particles tunnel through the barriers.
However, the excitonic resonances remain resolved at very high fields (e.g. 100 times the
classical ionisation field). Weiner et al. [32] and Miller et al. [33] measured the electro-
absorption spectra of GaAs/GaAlAs QW in a waveguide geometry, at different applied
electric field strengths, for both the TE- and TM-modes. Their results showed not only a
large shift in the absorption spectra but also the exciton peaks remained well resolved for
high field strengths.

2.5 Electro-Optic Effects in Semiconductor QWs:

When a transparent material is subject to an electric field, the material may experience a
change in refractive index. The effect leading to such a change is known as the electro-optic
E-O effect [34].

At photon energies well below the semiconductor absorption edge the E-O effect arises
from two components, the linear and quadratic E-O effects. The linear E-O effect or
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Pockels effect is exhibited by non-centrosymmetric crystals and is a linear change in the
refractive index with applied electric field. The E-O effect is defined as [1]:
ABij=Zr. E (2.27)
k

ijk " k
where

AB. =

So
ij € ..

i

AB;jj is the dielectric tensor, rjjk is the linear electro-optic tensor and is a 6¥3 matrix, i, j and
k represent directions 1=x, 2=y and 3=z. In GaAs, with point group symmetry 43m [1],
there are three equal non zero terms r41, r52 and rg3.

For an electric field applied perpendicular to the plane of the wells, the index change can be
expressed as [1]:

r. E (2.28)

where ng is the refractive index at zero field, rg3 is the linear E-O coefficient which gives
the index change experienced by light polarised in the x-y plane. In QW structures, this is
referred to a light polarised in the plane of the well. As there is no component of the electro-
optic coefficient in the direction perpendicular to the plane of the well, the refractive index
change experienced by a light polarised perpendicular to the QWs is zero. The sign of the
linear E-O coefficient is positive for light propagating along [110] and negative for light
propagating along [110].

The quadratic E-O effect is exhibited by all transparent materials, and leads to a change in
refractive index proportional to the square of the electric field strength. In a non-
centrosymmetric crystal the quadratic E-O effect is very small compared to the linear E-O
effect.

At photon energies close to the materials absorption edge, the refractive index change
induced by applied electric field perpendicular to the QW is enhanced by the electro-
absorptive effect. The change in the electro-refractive effect, at a frequency , is calculated
from knowing the change in absorption in the spectral region close to ® [35]. The electro-
refractive effect is predicted to have a quadratic dependence on the applied field strength,
such that the change in refractive index in a waveguide geometry can be expressed as [36]:
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An(E) = zn3[+I" 1 E, +T,SE,] (2.29)

where S is the quadratic electro-optic coefficient and I'y and I are the confinement factors
of the optical field in the active region of the waveguide for the linear and quadratic E-O
effects respectively. It has been shown that a large change in the refractive index is
associated with the Stark shift of the exciton resonance in MQWs [37,38]. The electro-
refractive effect is highly polarisation dependent [39], this is due to the anisotropic
polarisation dependence of the absorption of the QW structures [40].

2.6 Conclusions:

The optical properties of semiconductors is a large subject, therefore the review presented
in this chapter was limited to the work presented in this thesis. The linear and nonlinear
optical properties of the bulk and MQW structures have been discussed. This included the
band gap structure of these materials and the enhanced nonlinearity due to the excitonic
effect specially in the MQW structure. The electro-refractive and -absorptive effects in these
materials were briefly discussed.
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Chapter 3

Modelling and Design Of GaAs/GaAlAs Quantum
Well Waveguides

3.1 Introduction:

In this chapter, the theoretical modelling of optical waveguides is described. This includes
the effective index method EIM, variational method, and finite difference method. The
accuracy of these methods are also discussed. In the second part of this chapter, the design
of GaAs/GaAlAs MQW waveguides is studied. This includes the calculation of the
excitonic resonant peaks transitions and the refractive index of the MQWs as a function of
the well width and height (i.e. Al mole fraction in GaAlAs barrier).

3.2 One-Dimensional Waveguide Theory:

The simplest form of integrated optical components is the passive step-index slab
waveguide illustrated in Fig. 3.1. It consists of a dielectric layer of thickness d and
refractive index nj, sandwiched between two semi-infinite layers of refractive indices n
and n3. Layers 1 and 3 are known as the lower and upper cladding regions respectively,
and layer 2 as the guiding region. Optical confinement in a such structure is only in the X-
direction (transverse direction).

Optical guiding in such structure can be explained by using the geometrical optics. With
reference to Snell's law, if a ray is incident upon the structure with an angle 6 which is
smaller than the critical angle 0. at either of the two material interfaces, then the ray will
experience an internal reflection at the interfaces. If 0 is larger than 6 then the ray will be
transmitted to the cladding layers. The critical angle 61 3 is given by;

n
901,3=3'”_1(n2 ) (3.1)

The slab waveguide can be analysed by using the simple ray optic approach as well as the
more rigorous approach using Maxwell's equations. Both methods are consistent and have
been described in many text books [1-3], therefore only the latter approach is outlined in
this chapter.
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Fig. 3.1 Schematic diagrams of (a) passive step-index slab waveguide (b) the
guided and radiated modes.

3.2.1 Maxwell's Equations:

Maxwell's equations in an isotropic, homogeneous and source free medium can be written

as,;
vh=0 VB=0
oH _ oE
VxE=- a_t VXH—E—at—
where

D: electric displacement (D=€E ).

B: magnetic displacement (B=pH ).

E and H: electric and magnetic field vectors.

€ and [: permittivity and permeability of the medium.
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In a nonmagnetic medium U=, where lg is the permeability of free space and in a
lossless medium € =€ ge ;=€ gn2, n is a real number representing the refractive index of the
medium and € g is the permittivity of free space.

For a monochromatic wave travelling in the Z-direction, the E and H fields take the
following forms:

E = E(x,y)e"™™ 3.2)
H=H(x, y)e® " (3.3)

where o is the angular frequency and P is the propagation constant in the Z-direction.
Combining Maxwell's equations, the electric field (or its magnetic equivalent) wave
equation is given by:

V’E(x, y) +0’1 €E(x,y) =0 (3.4)

In the one dimensional slab waveguide, shown in Fig 3.1 , two self consistent types of
solutions exist where d/dy=0. The first is referred to as transverse electric field TE with
zero component in the Z-direction, its finite components are Ey, Hx and H,. The second is
referred to as transverse magnetic field TM and contains only Hy, Ex and E; components.
Therefore, for the TE mode, Eq.(3.4) is reduced to the form:

IE, , .2

= +(n2k2 -p9)E, =0 (3.5)
and for the TM-mode:
o[ 1 oH

05 2 ax’]+(n§kf,—;32)H, =0 (3.6)

where

2 _ 2
ky=Hy€,0

nj is the refractive index of the ith layer. If n; is constant within each layer, then Eq. (3.5)
and (3.6) are written as:
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Y (3-8, = 3.7)
where yy=Ey or Hy.

Applying the boundary conditions to Eq. (3.7) for guided modes in the slab waveguide lead
to the dispersion relations which contain all the parameters required to define the behaviour
of light in the slab. The boundary conditions are yy—0 as x—zoo, Ey and dE/dx (for the
TE-mode) and Hy and (1/n;)(0Hy/0x) (for the TM-mode) are continuous at each interface.

The dispersion relations for the TE- and TM-mode are:

k k
k,d =tan™ [—T—I’k—’] + tan” ‘[n”—ka] + mn (3.8)
n2 2 nz 2
where
1/2
k, =k (n% -n?) (3.9)
1/2
k, = k,(n2 - n2,) (3.10)
1/2
k, = k,(n2, —n2) (3.11)
m=0,1,2,3...

nefr=P/ko is the effective refractive index of the guided mode. The terms 7 takes into
account the two sets of boundary conditions for the TE- and TM-modes.

ni=1 for the TE fields.

Mi=1/0%  for the T™ fields.
The guided mode solutions can be obtained by solving Eq. (3.7) for discrete modes, where
m=0 gives the propagation constant (B=kgnef) of the fundamental mode. The propagation
constant of all the guided modes must lie in the range nj 3kg<P<nzko. The forms of the

fields, the solutions to Eq. (3.7), within each layer is given by:

Layer 1 (x>d)

—k1(x—d)

v, = Ae B)nk,
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Layer 2 (0<x<d)

w,=Bcos(k2x)+Csin(k2x) B(n,k, (3.12)
Layer 3 (x<0)
k x
y,=De?® B)nk,

The field is oscillating in the guiding region d and decays outside it. A, B, C and D are
constants. Fig. 3.2 shows a sketch of the three lowest order TE modes of the slab
waveguide.

kLD
><“>C —
r h 4

TEo TE1 TE2

Fig. 3.2 The transverse electric field profile of the lowest three guided mode.

The degree of the optical confinement in a waveguide can be represented using the
normalised thickness V parameter, where V is given by [4]:

V= kd,/(n2 -n?) (3.13)

V parameter can be adjusted by either changing the guiding layer thickness or changing the
refractive index difference between the guiding and cladding layers. Therefore the optical
confinement can be increased by either increasing the guiding layer thickness or, for a thin
guiding layer, increasing the step index difference between the guiding and the cladding
layers. The increase in the optical confinement, generally, results in an increase in the

number of the guided modes. In the case of a symmetrical slab waveguide (i.e. nj=n3 ),
V<nr for a single mode guide.
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The cut-off thickness for the TE guided mode to be radiated to the substrate is when
neff=nj, and is given by:

A K
d = —0 tan“[k—3]+mn (3.14)
2T J(n3-n?)

2
Theoretically, this means that a symmetrical slab waveguide always support at least one TE-
mode even with zero guiding layer thickness.

In a multilayer slab waveguides, the dispersion relations of the modes can be derived using
the transfer matrix method [5]. For the four layers slab waveguide shown in Fig. 3.3, the
dispersion relation is given by:

_,[ ik,
k,d, =tan 1[11—1"(—]

22

Kyd, -k, d
1 naka (n3k3+n4k4)e —(Tlska—n4k4)e |

+ tan™

k - k,d, -k,d
LA (msk;+nk,)e’ *+(nk,—-nk)e *°
+ mn (3.15)
where
1/2
k, = ko(nfﬁ —n";) (3.16)

n4 Top caldding

"'Upper claddlng
d3

Lower claddmg

d1

Fig. 3.3 Schematic diagram of four layers slab waveguide.
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It is possible to use Eq. (3.15) in a three layers slab waveguide, by setting d3=0. By
applying this equation to a four or three layers waveguide, an optimum design for a single
mode waveguide geometry can be achieved. A computer program in turbo pascal was
written by Dr. B. Buhambra to calculate the propagation constant of a given mode from the
dispersion equation by using the Bisection Method [6].

3.3 Two-Dimensional Waveguide Theory:

The planar waveguide discussed in the previous section is useful in many integrated optic
applications in spite of the fact that it provides confinement of the optical field in only one
dimension. However, other applications require optical confinement in two dimensions.
Strip waveguides which confine light in both directions perpendicular to the propagation
direction are used. There are many different methods of obtaining such two-dimensional
confinement, and Fig. 3.4 shows several different step-index, rectangular waveguide
structures. The embedded channel guide laterally confines light through its real lateral
refractive index step. In the rib and strip loaded guides, lateral confinement occurs due to
the high refractive index under the ridge.

n3 n3
77 Y4
/ n2 Z / n2 //
JIVITII4
ni ni
Embedded strip Raised strip
n3 n4
[ n3 . |
2.2 / s R 20
n1 ni
Rib guide Strip loaded

Fig. 3.4 Cross section of four types of strip waveguides.
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In the one-dimensional slab waveguides, the wave equation was solved with no
approximations. One uses solutions to the vector wave equations of the electric field or
magnetic field inside and outside the slab and matches the boundary conditions on the slab
surfaces, giving the eigenvalue equations for the TE and TM modes. This is often carried
over to two-dimensional guides but it is not strictly correct.

The rectangular two-dimensional waveguide is far more complex structure to analyse than
the slab guide. This is due to the propagating modes being hybrid (TE-TM ), and pure TE
or TM modes being impossible in these structures. To overcome this particular problem, a
full vector analyses is necessary [7]. This requires a great deal of computer time to find the
solutions. '

During the term of this work, three different approaches have been used to obtain
approximate solutions. The first approach was to reduce the two-dimensional problem into
two one-dimensional problems by using the effective index method EIM [8,9]. The second
approach was to use a numerical calculation to the variational version of the scalar wave
equation to obtain an estimate of both, the modal propagation constant and the modal field
profile [10]. The third approach was to solve the vector wave equation and obtain the
solution for the modal propagation constant and the field profile [11]. The three methods

are outlined in this chapter and a comparison is made between them.

3.3.1 Effective Index Method:

EIM is an approximate method which converts the analyses of a two-dimensional
waveguide into two one-dimensional problems. This is illustrated in Fig. 3.5. The rib
waveguide cross-section is divided into three regions each represents a slab waveguide of
finite width. Regions I and III are slab guides of thickness t and region II a slab guide of
thickness d. The effective refractive indices for each region are then found using the model
of the slab guide described in section 3.2. These effective indices are then used in an
equivalent symmetric three media slab guide with a thickness W to find the effective index
of the original rib waveguide.

If one applied the TE boundary conditions in the first part of the problem, then the TM
boundary conditions should be applied in the second part and vice versa. However, for
guides with small index difference between media there is only a marginal difference in
results when using TE or TM boundary conditions in the lateral direction. The
disadvantages of the EIM are that, it can not be used to obtain the field intensity
distribution. A plot of the modal field distribution is useful since it shows qualitatively the
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degree of confinement and how this is affected as the waveguide geometry is altered.
Another disadvantage is the EIM becomes progressively more inaccurate as t decreases and
breaks down completely when t is below cutoff.

[ Region! | Regionll | Regionlll |
s \/\/

| |
L/, Z7 n3
7 RW/ 47 7

In2

Y
)

Fig. 3.5 Configuration of the rib waveguide for the effective index method

analysis.

3.3.2 The Variational Method:

The variational method provides an analytical procedure for obtaining solutions in the form
of functions which are close to the exact solution of the boundary value problem. For a
boundary value problem in two dimensional space, the general variational problem is:

F(y) = jRIJ(\y) drR (3.17)

where y(x,y) is specified on the boundary dR of the domain R in which the solution is
required. Substitution of various trial functions, v, into the variational expression yields
approximation to the functional, F(y). The trial function which produces a stationary
functional as v is varied, i.e. JF/dy=0, is the best approximate solution for the form of trial

function used.
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The Rayleigh-Ritz method is used to find the extremum of the functional, here the trial
function to be put in the variational expression is a linear combination of Ritz basis
functions v, i=1,2,3,...,n:

y= Zai\pi (3.18)
i=1

where aj are variable scalar parameters known as the Ritz parameters. To find the best
combination of V;, the functional is differentiated with respect to any one a; to give dF/da;.
The best minimizing combination gives dF/da;=0. This is true for all a; and therefore there

are n such equations (with i=1,2,3,...,n) in n unknowns (ay,as,...,a ). The solution to
these equations gives an approximate solution to V.

NWAVE:

NWAVE is a computer program based on the variational method described above. This
variational method yields accurate solutions of the propagation constants and is capable of
analysing isolated rib waveguides as well as directional couplers. The analysis was
developed by Prof. C.D.W. Wilkinson and Dr. J.A.H. Wilkinson and later modified by
R.G. Walker to model the step-index strip waveguides [12].

NWAVE program solves the Helmholtz scalar wave equation for quasi-TE modes:
Vi,yE,+k§[n2(x,y)—niﬂ,]E, =0 (3.19)
where
E,=E(x,y) and Vi'y =(0%/ ax2) +(3%/ 9y?)
The Raleigh-Ritz procedure is used with a variational expression to obtain the solution to

the wave equation. The scalar variational expression which is used for the propagation
constant can be restated as follows [13]:

J':j (V’E, +K°(x,y)E, )E, dxdy

j_f“ E E dxdy

F(E,)=B"= (3.20)
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The trial function y(x,y) selected to approximate Ey is a series of orthogonal basis
functions. The basis functions used are the parabolic cylinder (Hermite-Gaussian)
functions. These functions resemble the modes of a waveguide. They go to zero at teo and
are orthogonal. Because a dimensional field is required, each term of the series is a product
of an x-direction and a y-direction function. These functions are scaled and normalised and
because the waveguide is asymmetric about the y-axis, a zero shift yq is required. The trial
function is substituted for Ey in the variational expression, in Eq. (3.20). The coefficients
ajj, in Eq.(3.18) for two dimensional case, are then varied until a stationary value of the
variational expression is obtained. This is done by simultaneously setting 0F/da;;=0 for all

i, j.

Although the trial function may more closely approximate Ey by using more and more basis
functions, the computational time increases approximately as the square of the product of
the basis functions in the x and y directions. Therefore the number of basis functions must
be minimized but also must be selected to yield eignvalues of the required accuracy. 10
basis functions in the y direction and 8 in the x direction give accurate results, to the fifth
decimal, for an isolated rib waveguide. While for a directional coupler 9 basis functions in
the y direction and 14 basis functions in the x direction.

Results:

As mentioned in the previous section, the accuracy of the effective index method decreases
as the discontinuities at the sides of the guide become more pronounced and the method
breaks down completely when the slab thickness is below cut-off. The effect of increasing
the relative height of the rib by etching away more and more of the adjacent slab layer was
studied using the variational program. As well as increasing the optical confinement, this
has the effect of decreasing the propagation constants of the guided modes and hence
reducing the number of allowable modes in the waveguide. Table 3.1 gives the effective
indices of the quasi-TE guided modes of a rib waveguide with W=2 um, as shown in Fig.
3.6, as a function of the slab height t, calculated at wavelength A=1.15 um. As can be seen,
decreasing t decreases the effective indices and the number of guided modes. These results
were obtained by using 10x7 basis functions in the y- and x-directions, respectively.

Fig. 3.7 shows the calculated effective refractive index of the fundamental TE guided mode
as a function of the adjacent slab height for different rib width W. As the rib width
decreases, the waveguide becomes single mode at shallower etching depth (smaller rib
height).
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Fig. 3.6 Schematic diagram of rib waveguide with W=2 pm.

Table 3.1: The effective refractive index of the first five guided mode of a GaAs/GaAlAs
rib waveguide as a function of the adjacent slabs thickness t.

t (mm) TEg TE, TE) TE; TEy

0.75 3.40612 3.40314 3.40222 3.40009 3.39726

0.65 3.40424 3.39618 3.39330 3.38924

0.55 3.40270 3.38995

0.45 3.40147

0.35 3.40046

0.25 3.39960

3410
3 )
3 3.408-
£
S 3.4061
S ' W=2
© =zZym
,:_: 3404“ ......................... W=25].1m
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Fig. 3.7 The effective refractive index of the TEq mode as a function of the adjacent
slab thickness t for different rib width W of the waveguide shown in Fig. 3.6,
calculated by NWAVE program.
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The modal field distribution for two different waveguide geometries are shown in Fig. 3.8,
the rib width W=2 pm and the adjacent slab thickness t=0.5 pum, Fig. 3.8a, and t=0.2 um,
Fig. 3.8b. As can be seen, increasing the relative height of the rib increases the optical

confinement.
| IS U U N SN R S S R

'I'I‘l'l'lll'ﬁv

%1%] .50 1.6 1.5@0 2.886 2.58 3.99 3.50
AN S N AN NN N N NN SN N N A

S
elala )
1))

W U N w —
_Ll_Ll_LllLlL

(/'/
RERRERRRRERREE!

]

]
o—

T
2.50 3.00

Q
[\
)]
(W]
(W]
(8]
u
(W]
N
[
[\
w
)]
(W]

Fig. 3.8 The modal field distributions for two different waveguide geometries
(using NWAVE program) with rib width W=2 um and height: a) t=0.5 um

and b) =02 um

3.3.3 The Finite Difference Method:

In the finite difference method, the waveguide cross-section is divided into a large number
of mesh points. The distances between neighbouring points are Ax and Ay in the x- and y-
directions, respectively. The function Ey(x,y) is replaced by discrete values of Ey at mesh
points only and the partial derivatives of Eq. (3.4) by the expressions:

°E, _EI+1, 9 +EI-1,4) -2E(, J) 3.21)
ox? (Ax)2 .
oE, _ KL J+ ) +E1LJ 1) -2 J) (3.22)
ay* (ay)® |
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at the point (IAx,JAy). Substituting Eq. (3.21) and (3.22) into Eq. (3.19) and rearranging
for E(1,)) gives:

KI+1,J)+E(1 -1, ) +R¥{E(I, J + 1) +E(Q, J - 1)}
2(1+RD) -Kk2(a0) . {N0, J)-N°, }

I, J) =
(3.23)

where R=Ax/Ay, N(I,J) is the refractive index at the point (IAx,JAy) and Nesr is the
effective refractive index of the guide. A typical program can begin with an arbitrary field
distribution E(1,J), which is integrated using the variational expression Eq. (3.20) to
provide the first estimate of the effective index N=B/kg. This in turn, can be used in Eq.
(3.23) to modify the electric field distribution. The iteration is repeated until E and N
converged to the final values determined by the required accuracy.

FWAVE Program:

FWAVE is a computer program developed by Michael Tayler of this Department, to
calculate the field and the refractive index at discrete mash points over the cross-sectional
area of the waveguide. Effective index method EIM was used at first to estimate the initial
field distribution. More accurate results of the field distribution and effective refractive
index can be achieved by reducing the mesh size. This increases the computing time
significantly, therefore to model waveguides with thin layers (e.g. MQWs) requires a large
computing time.

Dr. Kader Dendane of this Department modified the program to calculate the field
distribution and effective indices of guided modes in waveguides with thin layers (e.g.
MQW waveguides ). This was achieved by dividing the waveguide cross-sectional area into
a nonuniform mesh with small mesh size at the thin layers. With this way, the computing
time was reduced significantly.

A modal field distribution and the waveguide geometry are shown in Fig. 3.9 for
GaAs/GaAlAs rib waveguide at a wavelength A=1.15 um. Fig. 3.9a and 3.9b show the

lowest (fundamental) TE- and TM-modes and Fig. 3.9c shows the next possible first order
TE-mode of the guide, the slab thickness t=0.5 pum.

In the next section, a comparison between the three methods of modelling rib waveguides is
discussed.
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Fig. 3.9 The modal field distributions of rib waveguide (using FWAVE program)
with rib width W=2 um for: a) TEg mode b) TMgmode c)TE; mode.

3.4 Comparison of the Three Models of Two-Dimension Waveguides:

The three methods of modelling rib waveguides, effective index method, variational method
and finite difference method were compared. Fig. 3.10 shows the effective index of the
fundamental TE mode of the rib waveguide, shown in Fig. 3.6, as a function of the
adjacent slab thickness t at a wavelength A=1.15 pm. The difference between the effective
refractive indices calculated by the EIM and NWAVE program increases as the effective
height of the rib increases. When the adjacent slab thickness was just above cut-off
(t=0.45um), the difference was 0.0032. Numerous guides have been analysed and the
effective index method always predicated values which are higher than those predicated by
the NWAVE program.

The effective indices predicated by using the finite difference method (FWAVE program)
showed no significant difference with that predicated by NWAVE program, as shown in
Fig. 3.10. Although the two methods are capable of yielding accurate solutions and provide
the modal field distribution, the variational method does not require extensive computer
calculations.
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Fig. 3.10 The effective refractive index of the TEp mode as a function of the
adjacent slab thickness t for the waveguide shown in Fig. 3.6, calculated by using
EIM, NWAVE and FWAVE programs.

3.5 GaAs/GaAlAs Semiconductor Waveguides:

We have seen that the transverse optical confinement in waveguides is obtained in the layer
of higher refractive index (guiding region). In GaAs semiconductor waveguides, the
transverse refractive index change can be achieved by two means; either by changing the
free carriers concentration [14] or the material composition as in the case of GaAs/GaAlAs
waveguides [15]. The later approach was used in our waveguides.

GaAs and AlAs have a similar lattice constant and therefore Ga may be substituted by Al to
alter the refractive index (and bandgap) without creating a substantial lattice mismatch. In
the ternary system Gaj.xAlxAs, the bandgap increases and the refractive index decreases as
the Al concentration is increased. A slab waveguide can therefore be formed by growing a
GaAs guiding layer on a lower index buffer layer of GaAlAs. The change in the refractive
index as a function of Al concentration is given by [15]:

B 27]1/2
=|A -2.92X + ———— - A 3.24
n(x) [ X + 7o D(x) o} ( )
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where:

Ao :operating wavelength (um)

A
B
C

D

=10.906
=0.97501

=(0.52886 - 0.735x)2 x<0.36 ‘
=(0.30386 - 0.105x)2 x>0.36 |

= 0.002467(1.41x + 1)

Figure 3.11 shows the variation of the refractive index of GaAlAs as a function of Al

concentration.
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Fig. 3.11 The change in refractive index of Gaj-xAlxAs as a function of Al mole
fraction x.

The variation of the bandgap of GaAlAs with Al mole fraction is given by [16]:

E,(x) =1.424 +1.594x + x(1 —x) (0.127 -1.3 %) (3.25)

The knowledge of the band structure and refractive index of GaAlAs as a function of Al
mole is important in designing quantum well waveguides, as we will see later in this

chapter.
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At a given wavelength single-mode GaAs/GaAlAs waveguides can be designed by a proper
choice of the Al concentration in the cladding layer and thickness of the guiding layer. Fig.
3.12 shows the cut-off thickness of the first three TE modes, calculated using Eq. (3.14),
as a function of the Al mole fraction in the GaAlAs cladding layer, at a wavelength A=1.15
um. It shows that by reducing either the Al concentration in the cladding layer (i.e.
reducing the step index between GaAs and GaAlAs) or the thickness of GaAs guiding
layer, a single mode waveguide can be obtained.

E 4 Air

\3 GeAs d (km)
8 3 L Gal‘XA]xAs

(<}

<

2 2} m=2

<

t 1 r\

o . m=0

S 00 0.1 0.2 0.3

Aluminium concentration x

Fig. 3.12 Plot of the cut-off thickness of a GaAs guiding layer as a function of the
aluminium concentration, for various modes.

3.6 GaAs/GaAlAs Quantum Well Waveguides:

In these structures the optical field is confined in a guiding region with QWs. This is due to
the enhanced optical nonlinearity in QWSs over that of the bulk material, as described in
section 2.3.2. The design of MQW waveguides requires a knowledge of the resonant
absorption peaks and refractive index of the MQW layers. In this section the excitonic
energies and refractive index of MQW structures are determined as a function of the QW
parameters (i.e. well width and height ).

Excitonic Absorption Energies in GaAs/GaAlAs MQWs:

In GaAs/GaAlAs MQW structures, thin GaAs layers are sandwiched between GaAlAs
layers. Owing to the larger bandgap of the GaAlAs, Eq. (3.25), virtually all the absorption
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takes place in the GaAs well. Hence the absorption mechanisms in bulk GaAs are applied
for the MQW layers. However, due to the small size of GaAs wells, two important
differences emerge. Firstly, the electrons and holes, trapped within the wells in the
direction perpendicular to the well walls, have a quantised energy levels (as discussed in
section 2.3.2). Therefore the density of states distribution is altered and the bandgap energy
of the GaAs wells is widened (i.e. shift to higher energy ). The other effect is the increase
in the exciton binding energy. The binding energy Eeyx of exciton in MQWs is about four
times larger than that of bulk material [17].

The exciton transition energies in GaAs/GaAlAs MQWs was calculated using a Turbo
Pascal computer program called XTON written by Dr. B. Buhambra [18]. The program
calculates the energy levels of the electrons (in the conduction band) and holes (in the
valence band) in a single finite potential well, as described in section 2.3.2. The exciton
energy is then calculated by summing the energies of the electron level and hole level and
temperature dependent of GaAs bandgap. The hh- and lh-excitons binding energies are
calculated and subtracted from the sum. Fig. 3.13 shows a schematic diagram of the energy
levels in the conduction and valence bands of GaAs well.

Conduction band

A
E2e
E1e1 1
Eg(T) (GaAs) Eg (GaAlAs)
Ethhy, J E1ih
Y

Valence band

Fig. 3.13 Schematic diagram of the energy levels in the conduction and valence
band of GaAs/GaAlAs quantum well.

The parameters used in the XTON program are outlined below:

*The temperature dependent of the energy band in GaAs is given by [19]
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5.405x 107 *T?

504 + T (eV) (3.26)

E(D_, =1.519-

*The conduction and valence band offsets for GaAs well with Gaj_xAlxAs barrier (where
x<0.45) are [20]

V, = 0.55xAE, (3.27)
Vc=(‘l—0.55x)AEg (3.28)
where AEg is the difference between the well and barrier bandgaps.
*The Al dependent bandgap of Gaj.xAlxAs is given in Eq. (3.25).

*The effective mass of electron in the conduction band, and hh and 1h in the valence band
as a function of Al concentration are given by [21,22]

m;,(x) = 0.0665 + 0. 0835x (3.29)
m:,(x) = 0.34 +0.45x (3.30)
m; (x) = 0.087 +0. 063x (3.31)

*The binding energy of the hh and 1h excitons as a function of the well width are given by
[23]

hh-exciton BE (meV) = 14.47 - 0.0645L - 0.000141L.2 (3.32)
Ih-exciton BE (meV) = 15.74 - 0.0611L - 0.000119L2 (3.33)
where L in A

The above parameters were used with the finite square well theory to calculate the expected
bound state energies of the QWs used in this work.

The effect of changing the well width and barrier height on the quantization energy levels in
the conduction and valence bands are investigated. Fig. 3.14a,b shows the calculated
electron energy level (from the bottom of the conduction band) and the hh and lh energy
levels (from the top of the valence band ). These energy levels shift to higher energy as the
well width decreases and the barrier height increases. Fig. 3.15a,b shows the hh- and lh-
excitonic binding energies (meV) and the transition energies (eV) as a function of the well
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width. From these results it was possible to tune the excitonic transition energies in
GaAs/GaAlAs quantum wells by varying the well width and barrier height. Although
narrower wells enhance the binding energies of excitons, in practice the excitons resonant
peaks becomes broader due to the fluctuation in the well width.

Energy level shift (meV)

60 40
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well width () Al concentration
in the barrier
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Fig. 3.14 The energy shift of the le (with respect to the bottom of the conduction
band), and 1hh and 11h (with respect to the top of the valence band) as a function of
the a) well width b) barrier height.
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Fig. 3.15 a) The hh- and lh-excitonic transitions and b) binding energies as a
function of the well width.
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Refractive Index of GaAs/GaAlAs MQWs:

The effective refractive index of the MQW structure, with well width Ly, and refractive
index ny and barrier width Ly, with refractive index ny, is given by [24]:

niL, +n2L, 1172
=| = _bo 3.34
e [ L, +L, ] (3.34)
n2n3(L, +L
n_ =|— b§ L ;) e (3.35)
™ L.nt +L.n%

for light field polarised parallel to and perpendicular to the QW layers, respectively. The
polarisation dependence of these equations is due to the difference in boundary conditions
for the two situations. The refractive index for the TE polarisation is greater than that for the
TM polarisation (nTE>nTM ).

Although FWAVE program, described in section 3.3.3, is capable to model MQW stripe
waveguides with large number of layers (about 100 layer) and handle thin layers (=20 A ).
The computing time was reduced dramatically with no significant difference in the results,
by using the approximation of the refractive index of the MQW region in Eq. (3.34) and
(3.395).

3.7 Conclusions:

The modelling of slab (one-dimension) and rib (two-dimension) waveguides have been
described in details. Analytical solution, using EIM, and numerical solution, using the
variational and finite difference methods, were obtained for rib waveguides. The accuracy
of the predicted solutions were discussed and compared for a given GaAs/GaAlAs
waveguide. It was found that the variational method yields an accurate solution and
provides a modal field distribution for the two-dimensional waveguide but it does not
require extensive computational time.

Design of MQW structures and the method for determining the layers parameters (well

width and barrier height) have been outlined. The exciton transition energies were tuned by
changing the well width and barrier height.
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The effective refractive index of MQW structures was calculated by using an approximate
method. This reduced the computation time to find an accurate solution for the MQW rib
waveguides, using the finite difference method.

XTON program (to calculate the exciton transition in GaAs/GaAlAs QWs) and NWAVE
program (to calculate the propagation constant of the TE modes in rib waveguides) were an
effective tools in designing single mode waveguides.

References:

[1] T. Tamir, “Integrated optics”, Springer-Verlag, Berlin (1975).

[2] D. Marcuse, “Theory of dielectric optical waveguides”, Academic press, New York
(1974).

[3] N.S. Kopany and J.J. Burke, “Optical waveguides”, Academic press, New York
(1972).

[4] H. Kogelnik, V. Ramaswamy, “Scaling rules for thin-film optical waveguides”, Appl.
Opt., vol. 13, no. 8, p. 1857 (1974).

[5] J. Chilwell and I. Hodgkinson, “Thin-film field-transfer matrix theory of planar
multilayer waveguides and reflection from prism-loaded waveguides”, J. Opt. Soc. Am.
Al, p. 742 (1984).

[6] E. Kreyszig, “Advanced engineering mathematics”, 5th Ed., John Wiley and Sons
(1983).

[7] M. Koshiba and M. Suzuki, “Vectorial wave analysis of dielectric waveguides for
optical-integrated circuits using equivalent network approach”, J. of Lightwave Tech.,
LT4, no. 6, p. 656 (1986).

[8] H. Diestel, “A method for calculating the guided modes of strip-loaded optical
waveguides with arbitrary index profile”, IEEE J. of Quantum Electronics, QE-20, no. 11,
p. 1288 (1984).

[9] G.B. Hocker and W K. Burns, “Mode dispersion in diffused channel waveguides by
the effective index method”, Appl. Opt., vol. 16, no. 1, p. 113 (1977).

55



[10] M. Matsuhara, “Analysis of TEM modes in dielectric waveguides by a variational
method”, J. of Opt. Soc. Am., vol. 63, no. 12, p. 1514 (1973).

[11] M.S. Stern, “"Semivectorial polarised finite difference method for optical waveguides
with arbitrary index profiles”, Proc. IEE J., vol. 135, p. 56 (1988).

[12] R.G. Walker, C.D.W. Wilkinson and J.A.H. Wilkinson, “Intergrated optical
waveguiding structures made by silver-ion exchange in glass. 1:The propagation
characteristics of stripe ion-exchanged waveguides; a theoretical and experimental
investigation”, Appl. Opt., vol. 22, p. 1923 (1983).

[13] A. Sharma, P.K. Mishra and A.K. Ghatak, “Analysis of single mode waveguides and
directional couplers with rectangular cross-section”, Proceedings of the 27"d European
Conference, IEE Conference Publication, p. 9, Florence (1983).

[14] E. Garmire: NEREM 72, "Proceedings of the solid state circuits", p. 115-118,
NEREM, Boston (1972).

[15] V. Evtuhov and A. Yariv, "GaAs and GaAlAs devices for integrated optics", IEEE
Trans. Microwave Therory Tech., MTT-23, p. 44 (1978).

[16] D.E. Aspnes, S.M. Kelso, R.A. Logan and R. Bhat, "Oprical properties of Ga;j.
xAlxAs", J. Appl. Phys., vol. 60, no. 2, p. 754 (1986).

[17] D.S. Chemla, D.A.B. Miller, P.W. Smith, A.C. Gossard and W. Weigmann,
"Room-temperature excitonic nonlinear absorption and refraction in GaAllGaAlAs multiple
quantum well structures”, IEEE J. Quantum Electronic, QE-20, no. 3 (1984).

[18] B. Buhambra, "Nonlinear optical waveguide devices in GaAs/GaAlAs", Ph.D. thesis,
Glasgow University (1991).

[19] H. Kawai, K. Kaneko and N. Watanabe, "Photoluminescence of GaAs/GaAlAs
quantum wells grown by metalorganic chemical vapor deposition", J. Appl. Phys., vol.

56, no. 2 (1984).

[20] J. Batey, S.L. Wright and D.J. DiMaria, "Energy band-gap discontinuities in
GaAs:(Ga,Al)As heterojunctions", J. Appl. Phys., vol 52, p. 484 (1985).

56



[21] G. Duggan, H.I. Ralph and K.J. Moore, "Reappraisal of the band-edge discontinuity
at the AlyGaj xAs/GaAs heterojunctions", Phys. Rev. B32, p. 8395 (1985).

[22] S. Adachi, "GaAs, AlAs and GaAlAs: material parameters for use in research and
device applications", J. Appl. Phys., vol. 58, R1 (1985).

[23] E.S. Koteles and J.Y. Chi, "Experimental exciton binding energies in GaAs/GaAlAs
quantum wells as a function of well width", Phys. Rev. B, vol. 37, no. 11, p. 6332
(1988).

[24] R.A. Sammut and I.M. Skinner, "Effective index models for MOQW waveguides",
Opt. Comm., vol. 76, p. 213 (1990).

57



Chapter 4

Growth and Characterisation Techniques of
GaAs/GaAlAs Single and Multiple Quantum Well
Materials

4.1 Introduction:

In this chapter, we will high-light the growth techniques used to grow GaAs/GaAlAs single
and multiple quantum well structures (SQW and MQW). The linear characterisation
techniques of these materials are presented, this includes the photoluminescence and
photocurrent spectroscopy. In the last section, we will discuss the band structure
disordering of the SQW and MQW materials, this included the impurities induces
disordering IID and vacancies induced disordering techniques.

4.2 Growth Techniques:

Epitaxial growth technique allows the fabrication of single-crystalline films for integrated
optical devices. It has been a big challenge to material scientists to refine the growth
technique such that low loss waveguide devices can be constructed. There are three main
techniques to grow epitaxial semiconductor structures, liquid phase epitaxy LPE, metal
organic vapour phase epitaxy MOVPE and molecular beam epitaxy MBE. The growth of
multiple quantum well structures for optical devices require low loss waveguides with
strong quantum properties. In certain cases, crystal defects and impurity concentrations are
crucial for low loss waveguide formation. In MQW structures, roughness in the interfaces
of the layers increases the scattering loss in a waveguide. The quantum properties require
abrupt heterojunctions between layers with fluctuation in wells width being less than a few
atomic layers.

LPE can produce high quality materials but abrupt interfaces and thickness control of the

layers are difficult to obtain. Therefore the other two techniques (MOVPE and MBE) were
used to grow GaAs/GaAlAs QW structures, and are outlined in the following sections.
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4.2.1 Metal Organic Vapour Phase Epitaxy MOVPE:

In MOVPE, the deposited materials are carried by a gas, usually H2. For GaAs growth, the
gallium source is an organic compound either trimethylgallium (TMG) or triethylgallium
(TEG). The arsenic source is normally arsine (ASH2). For GaAlAs growth, the aluminium
source is trimethylaluminium (TMA). The ratio of TMA and TMG mixture determines the
Al mole fraction x in Gai-xAlxAs layer. Fig. 4.1 shows a schematic diagram of the MOVPE
reactor. The TMG and TMA are held in bubbler and hydrogen passes through them to
transport the vapour to the reactor, while arsine is held in a gas cylinder. All the gases are
mixed and fed into the reactor chamber where the substrate is placed. The substrate is
heated to temperatures from 600 °C to 850 °C by mounting it on a graphite susceptor heated
with an RF induction coil. The susceptor is tilted at an angle 2°-5° to improve the flow

dynamics of the gases in the reactor.

X MG Sample
bubbler _ p
Rt- coil
©0O0©00 0© O
0
TMA Exhaust
bubbler
Dryer
Arsine ©0000 0 ©
Dopants

Susceptor

Fig. 4.1 Schematic diagram ofa MOVPE system.

The deposition rate is slower than that of the LPE method, which allows greater control of
thickness and doping profile of each deposited layer. This technique is capable of
producing very thin layers with good morphology, and lower cost compared to the MBE

growth system.

MOVPE epitaxial materials suffer from two major impurities. First is carbon which is
present in the reactor in the form of methyl groups. This some times incorporate into the
growth layer, and act as a donor. In GaAs, this can be reduced by reducing the growth
temperature to around 600 °C. It is difficult to obtain a doping density lower than 1014 cm-3
[1]. In GaAlAs, the problem is worse due to the strong Al-C bond. Second is the oxygen

incorporation in GaAlAs due to the strong A1-0 bond. To reduce the oxygen incorporation,
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the reactor must be leak free. One other disadvantage with the MOVPE is that the source
chemicals are either extremely toxic or inflammable in air, therefore rigorous safety

precautions are required.

4.2.2 Molecular Beam Epitaxy:

Molecular beam epitaxy MBE is a powerful technique for growing single crystal films with
precise control of stoichiometry, thickness, growth rate and dopant concentration. Growth
is performed in a high-vacuum chamber where the substrate is kept at an elevated growth
temperature. Molecular species are evaporated and directed toward the substrate by separate

source chambers.

Fig. 4.2 shows a schematic diagram of an MBE system. The compounds or elements are
heated in crucibles and deposited onto the surface of the substrate. The growth temperature
of the substrate is an important parameter, if it is too low then the deposited atoms will have
insufficient motion across the surface to find the best site which may results in poor crystal
quality. If the temperature is too high, then the problem of interlayer diffusion may occur
and species can be re-evaporated from the surface. For GaAs the growth temperature is
from 550 °C to 650 °C and for GaAlAs around 680 °C. The slow growth rates allow
process control down to a film thickness of a few atomic layers. An electron gun is used to
assess the surface roughness from the diffraction of the high energy electron beam. The
electron beam is incident at a very shallow angle to the substrate surface and the diffracted
beam form a characteristic pattern on a fluorescent screen (RHEED) which provides an

information of the morphology.
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Fig. 4.2 Schematic diagram of a MBE system (after ref. 27).
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By rotating the specimen at a rate slower than the growth rate of one monolayer, a high

uniform growth can be obtained [2].

4.3 GaAs/GaAlAs OW Wafers used in this project:

A number of GaAs/GaAlAs QW and GaAlAs waveguide structures were grown using
mainly the MBE technique, at the author's Department. These structures were designed to
meet the requirements of electro-optic and all-optical switching devices, e.g. p-i-n, single
mode, low propagation losses and large nonlinear optical properties. The wafers included
in this chapter has been limited to those used successfully to demonstrate the optical
switching devices. The theory to design single mode QW and heterostructure waveguides
are presented in chapter 3. The wafers employed are schematically described below with

some high lights of the key points in their design:

AI87 SOW:

This wafer was grown by MBE technique, and Fig. 4.3 shows a schematic diagram of the
layers structure of the A 187 SQW wafer. The relatively thick lower cladding layer of
Gao.7Alo.3As was to isolate the evanescent field of the guided mode from the high
refractive index GaAs substrate. The SQW was placed only 400 A below the top surface,
this was to enhance the recovery time of the resonant nonlinearity due to the surface
recombination of the photogenerated carriers. The price paid in return was that the overlap

integral of the SQW with the confined optical field was not at its maximum.

20-50 A
GaAs capping
_ 400 A
Guiding region 25% GaAlAs
100 A
25pm saw
30% GaAlAs 0.6 pm
lower cladding SI-GaAs substrate 25% GaAlAs

Fig. 4.3 Schematic diagram of the epitaxial layers of A187 GaAs/GaAlAs SOQW
waveguide structure grown by MBE. The GaAs well is only 400 A below the top

surface. All the layers are undoped and grown on SI-GaAs substrate.
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QT147 p-i-n SQW:

This wafer was grown by MOVPE technique at the SERC Central Facility for III-V
semiconductors, Sheffield University. Fig. 4.4 shows a schematic diagram of the epitaxial
layers structure of the QT147 p-i-n SQW wafer. The SQW was placed in the centre of the
symmetrical p-i-n waveguide structure. This was to ensure a maximum overlap integral of
the SQW with the confined optical field. The recovery time of the resonant nonlinearity can
be enhanced by sweeping the photogenerated carriers out of the guiding region when an
electric field is applied across the intrinsic region [3]. The i-region was extended to the p-
type (0.4 |im) and the n-type (0.4 Jim) upper and lower cladding regions to reduce the free
carriers absorption and also to provide an electrical isolation of the electrodes (in active

devices) without the need to etch through the guiding region.

20 AGaAs
I pm
A29% GaAlAs
. 04 pm
29% GaAlAs
i-undoped — 03pm
24.5% GaAlAs
0.4pm
29% GaAlAs

I pm
n-GaAs substrate 29% GaAlAs

Fig. 4.4 Schematic diagram ofthe epitaxial layers of QT147 GaAs/GaAlAs p-i-n
SOW waveguide structure grown by MOVPE. The GaAs well is in the middle of
the guiding region.

A163 p-i-n MOW:

The wafer was grown by MBE technique at the author's Department. The wafer was
designed by Dr. A. Jennings to investigate the electro-optic effects in MQW waveguides
[4]. Fig. 4.5 shows a schematic diagram of the layers structure of A 163 p-i-n MQW wafer,
the guiding region was formed of 25 wells and 26 barriers, the large number of QWs was

to provide a large nonlinear effects.
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n+ GaAs sub.

Fig. 4.5 Schematic diagram of the epitaxial layers of A163 GaAs/GaAlAs p-i-n
MQOW waveguide structure grown by MBE. The guiding region is formed of the
intrinsic MQW layers.

A293 GaAlAs:

This wafer was grown by MBE technique and Fig. 4.6 shows a schematic diagram of the

layers structure of A293 GaAlAs wafer. It consisted of a 1.5 pm thick Gao.s2Alo.isAs
guiding region, a 1.5 pm thick Gao.75Alo.25As upper cladding layer and a 4 pm thick

Gao.75Alo.25 As lower cladding layer. The epitaxial layers were grown on a semi insulating
(SI) GaAs substrate.

20A GaAs Capping

1.5 pm
1.5 pm

Gao0.75A10.25As 4 pm

S|-GaAs Substrate

Fig. 4.6 Schematic diagram of'the epitaxial layers 0fA293 GaAlAs heterostructure

waveguide.
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4.4 Photoluminescence Spectroscopy:

Photoluminescence PL measurement technique is an effective way to study the band
structure and the quality of the semiconductor materials [5]. The possible information
which can be extracted from the PL spectra are the Al mole fraction in GaAlAs and the well
width of the quantum well structures.

The basic idea behind the PL spectroscopy is to generate carriers (electrons and holes) in a
semiconductor, by illumination with high energy photones, and then detect the emission
spectrum of the recombined carrieres. There are many possible states that photogenerated
carriers may occupy and there are a corresponding number of relaxation transitions which
may occur. Each of these has a characteristic energy which can be identified from the
photoluminescence PL spectrum of the material.

The Al mole fraction in the GaAlAs cladding layers can be extracted from the optical
transition peaks associated with the bound excitons, using the following expression [6]:
x = b[Eg(x) - Eg(0)]

where x is the Al mole fraction, Eg(x) is the bound exciton transition in Gaj.xAlxAs,
b=0.6872 and Eg(0)=1.512 for 0<x<0.35. The well width was estimated from the e1-hhl
exciton transition in QWs by using the XTON program described in section 3.6.

The PL system used in this work is a part of the analysis equipment in the department, run
by Mr. J. Cochrane. Samples were mounted in a cryostat, cooled to a temperature as low as
10 K and excited (illuminated) with a He-Ne laser source (A=632.8 nm ). The PL from the
sample was collected by a collimating lenses and focused onto the slit of a monochrometer.
The luminescence spectrum was measured by scanning through a wavelength range, the
output signal of the monochrometer was detected with a Ge detector. The laser source was
chopped at 1 KHz and the detected signal was amplified using a lock-in amplifier, then the
output signal was recorded in a chart recorder. PL spectroscopy was also used during the
term of this project to investigate the vacancies induced disordering in GaAs/GaAlAs
quantum well materials, via the shift in the exciton transitions of the QWs.

PL Results of A187 SQW Wafer:

Fig. 4.7 shows the PL spectrum for an A187 SQW sample, obtained at a temperature of 19
K. There were five peaks, the two peaks at 1.493 eV and 1.514 eV were due to donor
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bound excitonic recombination and to a free-to-bound transition involving a carbon acceptor
respectively [7], in GaAs capping layer. The two peaks at 1.838 eV and 1.902 eV were
referred to the GaAlAs guiding and cladding layers, respectively. From these two
transitions, the A1% was calculated to be 26% and 30% respectively. The peak at 1.549 eV
was referred to the el-hh1 exciton transition in the SQW, the well width was estimated to
be 97 A (using XTON program).
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Photon energy eV
4.7 Photoluminescence spectrum of AI87 GaAs/GaAlAs SQW wafer, at a
temperature 19 K.

PL Results of QT147 SQW Wafer:

Fig. 4.8 shows the PL spectrum for a QT147 SQW sample, at a temperature of 12 K. It

showed two peaks, the broad peak at 1.484 eV was most likely due to transition associated

with deep impurity level. The other peak at 1.543 eV was referred to the SQW, from this
peak the well width was estimated to be 94 A.
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Fig 4.8 Photoluminescence spectrum of QT147 GaAs/GaAlAs p-i-n SQW wafer,
at a temperature 12 K.
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Fig. 4.9 Photoluminescence spectrum of A163 GaAs/GaAlAs p-i-n MOQW wafer,
at a temperature 25 K.
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PL Results of A163 MOW Wafer:

Fig. 4.9 shows the PL spectrum for a A163 MQW sample, at a temperature of 12 K. The
peak at 1.933 eV was associated with the bound exciton in the GaAlAs cladding layer, the
Al% was calculated to be 30%. The peak at 1.578 eV was referred to the el-hh1 exciton
transition in the MQW layer, the well width was estimated to be 94 A

PL Results of A293 GaAlAs Wafer:

Fig. 4.10 shows the PL spectrum for a A293 GaAlAs sample, at a temperature of 12 K.
The peak at 1.839 eV was associated with the bound exciton in the GaAlAs guiding layer;
the Al% was calculated to be 22%, this is larger than the requested Al mole fraction of
18%. The peak at 1.892 eV was associated with the bound exciton in the GaAlAs cladding
layer, the Al% was calculated to be 26%.

1.892 eV

1.839 eV

2.068 eV 1.292 eV

Fig. 4.10 Photoluminescence spectrum of A293 GaAlAs wafer, at a temperature 12 K.
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4.5 Photocurrent Spectroscopy:

Photocurrent spectroscopy is an effective technique to investigate the absorption and
electro-absorption properties of a p-i-n semiconductor structures [8-10]. It has the
advantage, over the transmission spectrum measurements, of giving a large signal at the
high absorption spectral regions. Measurements were carried out on p-i-n GaAs/GaAlAs
single and multiple quantum well materials, and provided an assessment of the band edge
structure of the QW5 and also a study of the electro-absorption effect due to the quantum
confinement Stark effect [11]

4.5.1 Theory Of Photocurrent Spectroscopy:

A p-i-n structure can be used as a detector when it operates under a reverse bias voltage
smaller than the breakdown voltage. The detection capability arises from the absorption of
an incident photon and creation of an electron and hole pair. These photo-generated carriers
are normally (with zero electric field) recombine within a diffusion length. When an electric
field is present across the depletion region, then these carriers are swept apart by the electric
field. The transport of the carriers out of the QWs is by tunnelling through the barriers.
These carriers contribute to the total reverse current, therefore the detected current will
change from I (the dark current) to Ip+Ipp due to the detection of the light. Ipp is the
detected photocurrent, and is given by [8];

I,(ho, F) = P,(ho) 1 -R) (&) n(p) .0 - e =) (4.1)

Pi(hw) = incident power at a photon energy ho.
R = surface reflection coefficient.

1 = internal quantum efficiency.

d = total depletion depth.

eMhc = conversion from watts to amps.

F = electric field strength.

The thickness of the depletion region d depends on the applied reverse bias voltage, and
becomes independent of voltage when the whole intrinsic region is depleted. The internal
quantum efficiency N of the diode depends on the electric field strength [12] as well as the
thickness of the barrier width [10]. This is due to the tunnelling of the photogenerated
carriers through the QW barriers. 1 increases rapidly with the increase in the electric field
strength and it becomes independent of the applied voltage when n=1. This is because,
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initially the intrinsic region is partially depleted and the photo-generated carriers recombine
at the low electric field region before being swept out. At high voltages, the whole region is
depleted and the strong electric field across the depletion region sweep the photo-generated
carriers out. When ad<<1, the photocurrent is directly proportional to the absorption

coefficient of the material.

Photocurrent measurement technique has been used by Miller et al. [9] to investigate p-i-n
MQW diode at a variety of bias voltages. It was experimentally demonstrated the
proportional relationship between Iph and o(hw). It was found that | was independent of
wavelength. Photocurrent measurements were also achieved in a waveguide geometry [8],
the light was propagating in the plane of the QWs. This gave the advantages of examining
the electro-absorption effect for both the TE- and TM-modes. In the case of a waveguide
geometry, the photocurrent is related to the total propagation loss of the waveguide where:

I ,(ho, F) =P ,(hw) y(1- R) (%ii) (P .(a,(he, B/ o, (ho,F)
(4 - oC=P9) (4.2)

L = the waveguide length.

Ootal = total propagation loss (absorption, scattering etc).
Uahs = contribution to Oygia) due to absorption only.

¥ = coupling coefficient to the waveguide.

In this project the photocurrent spectroscopy was used to characterise the GaAs/GaAlAs p-
i-n single and multiple QW materials and to determine the position of the excitonic peaks of
the QWs. This technique also enabled us to measure the red shift in the absorption edge
with applied electric field across the QW via the quantum confined Stark effect (QCSE)
[11].

4.5.2 Device Fabrication:

Chrome masks designed by Sheffield University were used to fabricate photodetectors for
photocurrent measurements. It consisted of a pattern of discs of 400 pm, 200 pm and

100pm outer diameters with aperture in the centre of diameter 150 pm, 100 um and 50 pm
respectively. This mask was used to form p-type ohmic contacts on the top of the samples,
using optical lithography and lift-off processes, as described in sections 5.3 and 5.4. Mesa
structures were formed by etching through the epitaxial layers to a depth below the i-n
junction to isolate the individual devices. The p-type ohmic contact discs and apertures were
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protected with photoresist ridges, the resist ridges were aligned on the top of the ohmic
contact discs using a mask aligner. The mesa structures containing individual devices were
formed by wet etching the sample in a solution of H2So04 :H2021iH20 (1:8:1) for 15
seconds. The p-type (on the top) and n-type (on the bottom) ohmic contacts were annealed
at 360°C for 45 seconds. The sample was bonded onto a p.c.b. mount with silver epoxy
and individual devices were connected by ultrasonically bonded aluminium wire from the
top contact of the device to the p.c.b. mount. Fig. 4.11 shows an SEM photograph of
complete devices. Fig. 4.12 shows a schematic diagram of the experimental set-up and the
equivalent circuit diagram of the photocurrent device. The [-V characteristics of devices
fabricated on samples of QT147 p-i-n SQW and A 163 p-i-n MQW wafers, showed a
breakdown voltage of 38 V and a dark current 10"20 nA.

9000

Fig. 4.11 SEM micrograph, ofa bonded photocurrent device.

4.5.3 Experimental Arrangement:

The experimental arrangement for the photocurrent measurements is described in section
5.7.2. The laser source was a tunable Ti:sapphire laser, described in section 5.8.2. The
laser beam was focused onto the aperture of the device (at normal incidence) using a

microscope objective mounted horizontally on an optical bench. The objective turrets,

containing 10x, 20x, 50x and 80x objectives, which allowed to change the size of the
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beam spot. A He-Ne laser, X=0.633 }im, was used to align the Tiisapphire laser with
respect to the aperture of the device. The eyepiece of the microscope could be used to
ensure that the alignment of the visible laser beam was on the device aperture. The
wavelength of the Tiisapphire laser was changed continuously by a motorised driver unit
attached to the micrometer controller of the birefringent filter. The laser was chopped at 1
kHz and a lock-in amplifier was used to measure the photocurrent at the load resistor. The
output of the lock-in amplifier was connected to a data logging computer. The power of the
laser incident on the sample was kept low (<50 |i\V) and focused to a spot of diameter 50
im. This is to prevent the nonlinear effect and saturation of absorption [26]. The
absorption of the light in the p-type GaAlAs cladding layer will not contribute to the
photocurrent, due to the absence of an electric field outside the depletion region of the p-i-n

structure.

hw
P-type r
ohmic contact

Vph

n-type
ohmic contact

(a) (b)

Fig. 4.12 a) Schematic diagram of the experimental arrangement of the
photocurrent spectroscopy ofa p-i-n device, b) The equivalent circuit diagram of

the p-i-n photocurrent device.

4.5.4 Experimental Results:

The photocurrent spectrum was measured in devices fabricated on wafers QT147 SQW and
#A163 MQW. Fig 4.13 shows the photocurrent spectrum of the QT147 at zero reverse bias
voltage. It shows clearly the excitonic absorption peaks. The el-hhl and el-l1hl exciton
transitions were resolved at photon energies 1.562 eV and 1.566 eV respectively. At high
photon energies, the photocurrent signal was noisy due to the instability of the laser output

transverse mode when the wavelength is continuously tuned.



The electro-absorption effect in the quantum well (QCSE) was measured in these devices.
Fig 4.14 shows the photocurrent absorption spectra at different reverse bias voltages. The
spectra are off-set from each other for clarity. A progressive shift of the excitonic peaks to
lower energies (red shift) with broadening at large electric fields [13]. A shift in the e1-hhl
exciton of about 20 meV at a reverse bias voltage of 8 V.
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Fig. 4.13 The photocurrent spectrum of the QT147 SQW diode at a zero bias
voltage, a hh and lh excitonic peaks are shown at photon energies 1.562 eV and

1.566 eV, respectively.
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Fig. 4.14 The photocurrent spectra of the QT147 SQW diode at different bias
voltages, the hh and lh excitonic peaks are shifted to lower energies due to the
quantum confinement Stark effect (QCSE).
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The absorption spectrum of a photocurrent device fabricated on wafer #A163 MQW is
shown in Fig. 4.15 at zero bias voltage. The el-hh1l and el-lh1 excitonic transitions were
resolved at photon energies 1.508 eV and 1.515 eV respectively. The electro-absorption
effect in the quantum well (QCSE) was measured in these devices. Fig 4.16 shows the
photocurrent absorption spectra at different reverse bias voltages. A shift in the el-hhl
exciton of about 15 meV at a reverse bias voltage 6 V was achieved.
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Fig. 4.15 The photocurrent spectrum of the A163 MQW diode at a zero bias
voltage, a hh and lh excitonic peaks are shown at photon energies 1 508 eV and
1.515 eV, respectively.
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Fig. 4.16 The photocurrent spectra of the A163 MOW diode at two different bias
voltages, the hh and lh excitonic peaks are shifted to lower energies due to the
quantum confinement Stark effect (QCSE).
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4.6 Vacancies Indiffusion Disordering in GaAs/GaAlAs Quantum Well

Materials:

The ability to control the spatial distribution of the oﬁtical properties of a semiconductor
wafer have a significant impact on the optoelectronic devices and their integration. In a
quantum well material, this can be accomplished by locally control the interdiffusion of the
well and the barrier and thus shift their effective band gap. This local intermixing process
between the well and barrier, which alter the band structure of the QWs is known as
disordering.

As proposed in chapter 7, the local (selective) disordering technique can be implemented in
the nonlinear asymmetric Mach-Zehnder interferometer AM-ZI for two reasons, which are
discussed in section 7.4. Firstly, to enable the fabrication of linear device with a nonlinear
section in one arm of the AM-ZI, at which the © phase change can be obtained (by all-
optical means). Secondly with such a device configuration, the total insertion loss due to
band edge absorption can be reduced.

In the rest of this chapter, the microscopic origin and the techniques of the disordering are
discussed with the experimental results.

4.6.1 Microscopic origin of GaAs/GaAlAs QWs Disordering:

The microscopic origin of GaAs/GaAlAs QWs band structure disordering is due to two
mechanisms, Ga self diffusion and Al-Ga (barrier-well) interdiffusion, these are analogous
diffusion phenomena [14]. The intermixing process will cause the initial finite square well
to become rounded (smoothed). Therefore due to the change in the effective thickness of
the quantum wells and shallower Gaj.xAlxAs wells, the quantization energy levels in the
conduction and valence bands shift to higher energies. This is shown in Fig. 4.17, the
conduction and valence bands of the as-grown square well (dashed) and a modified
potential (solid curve) after interdiffusion of Al-Ga. The bound states of the potential well
are labelled e for electron states, hh and lh are for heavy hole and light hole states,
respectively. The short bars indicate the energy states for the as-grown square well. The
first two states moved up in energy while the third energy state moved down in energy.
This is due to the increase of the effective well thickness, at the top of the well.
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Fig. 4.17 Schematic diagram of the QW band structure before intermixing (square
well profile) and after intermixing (smooth rounded well profile). The hh and lh
excitonic transitions shifted to higher energies.

4.6.2 Disordering Techniques:

There are three techniques which can modify the band structure of GaAs/GaAlAs QWs,
these are as follow:

Thermal Annealing:

This technique was used to modify the wavelength of a QW laser [15] without significant
increase in threshold pumping current. The modification of the wavelength was achieved by
annealing the QW material between 870 °C and 900 °C in an evacuated quartz ampoule with
excess As. With this technique there was no lateral selective disordering, where the band
gap of the whole chip is shifted to higher energy (i.e. blue shift).

Impurities Induced Disordering IID:

In this technique, the samples were selectively bombarded with high energetic ions to
enhance the intermixing of GaAs/GaAlAs QW structures. A large number of elements were
used, shallow dopants such as Zn and Si as well as other elements, e.g. Kr, F, B and As
which produce only lattice damage [16-18]. The implanted samples were then capped with
a dielectric film of silicon dioxide or nitried and thermally annealed at temperatures from
600°C to 900°C.
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Although this technique is highly selective, the Zn and Si tend to ionize at room temperature
which give rise to the free carriers optical absorption. Implantation with the other elements
may result in the broadening or screening of the QWs excitonic resonances, due to the
crystal damage.

Vacancies Indiffusion Disordering:

In this technique, the interdiffusion of Al-Ga (barrier-well) is enhanced by capping the
samples with a silicon dioxide film and annealing them at temperatures between 800 °C to
950 °C [19-22]. The intermixing enhancement is due to the out-diffusion of Ga into the cap
layer leaving behind a vacancy. These vacancies indiffuse during thermal annealing through
the epitaxial layers. The Al-Ga interdiffusion is proportional to the Ga vacancies
concentration and diffusivity. The relative shift in the QW band edge between the capped
and uncapped areas is a function of the annealing temperature, time and to certain extend the
thickness of the SiO5 film.

The selectivity in this technique can be enhanced by using another dielectric capping film,
silicon nitride to form a barrier for Ga outdiffusion. Haga et al [21] investigated the
concentration of the outdiffusion of Ga and As into SiO9 and Si3Ny dielectric films. This
was achieved by using the Rutherford backscattering spectroscopy and particl-indused X-
ray emission techniques. It was found that the SiOy capping is far more soluble for Ga
outdiffusion than As outdiffusion, while Si3Ny4 forms a very good barrier for Ga and As,
and there was no significant Si indiffusion into GaAs substrate. L. Guside et al. [19]
showed that the Al-Ga interdiffusion coefficient (Daj.ga) in GaAlAs-GaAs QW
heterostructure is highly dependent upon the crystal encapsulation conditions. The
interdiffusion coefficient D4j_ga, using Si3N4 capping, is almost an order of magnitude
smaller than that of either capless or SiO; capped samples, at temperatures from 800 °C to
875 °C. J. Ralston et al. [23] measured the electro-absorption spectra in GaAs/GaAlAs QW
waveguides which have been modified via the vacancies indiffusion disordering technique.
It was shown that this technique provides a permanent energy band blue shift while still
retaining clearly resolved heavy and light hole excitonic peaks at room temperature.
Furthermore, the QCSE was shown to be preserved in the intermixed structures.

The vacancies indiffusion disordering technique is obtainable in the author's Department

and was investigated as a function of the annealing temperature and time and also as a
function of the dielectric film thickness.
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4.6.3 Material Description and Characterisation:

The wafer used in the investigations of the vacancies indiffusion disordering was B34
GaAs/GaAlAs three QWs structure, grown by MBE. As shown in Fig 4.18, it consisted of
three QWs, the GaAs well thicknesses were 80 A, 60 A and 40 A. These were referred to
as SQW3, SQW2 and SQW1 respectively. The thickness of the Gao.7Alo.3As barrier was
200 A (between the wells), and 800 A in either sides of the QWs. The epitaxial layers were

all undoped and grown on a SI-GaAs substrate.

GaAs capping
40 AGaAs
A SQWA

GaA:AS 60 A GaAs
(30%) SQW2

80 A GaAs
Gals SQW3

buffer layer
Si-GaAs substrate

Fig 4.18 Schematic diagram of the epitaxial layers of the B34 30Ws structure
grown by MBE. The three GaAs QWs have thicknesses of40 A, 60 A and 80 A.
All layers are undoped and grown on SI-GaAs substrate.

PL technique was the effective tool used to measure the degree of the disordering of the
QWs via observing the shift in the PL spectral peaks. Fig. 4.19 shows the PL spectrum of
the as grown B34 material, at 12 K. The peaks at 1.647 eV, 1.595 eV and 1.567 eV were
referred to the hh-excitons of SQW1, SQW2 and SQW3 respectively. The other two peaks,
at 1.515 eV and 1.493 eV, were from the GaAs capping layer caused by band-to-band

recombination and transitions via carbon acceptor levels, respectively [7].

It has been seen in section 3.6, that QWs with narrow well thickness (<80 A) are more
sensitive to any fluctuation in the well thickness. Therefore, it was vital in our
investigations of the vacancies disordering to examine the uniformity of the wells over the
entire wafer. This was achieved by taking the PL spectra at different places in the wafer,

which showed no drift in the hh-excitons positions of the three QWs.
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Fig. 4.19 Photoluminescence spectrum of B34 GaAs/GaAlAs three QWs wafer, at
a temperature 12 K.

4.6.4 Si0» Dielectric Capping Film:

To obtain a good adhesion of SiO7 film on GaAs substrate, samples were chemically
cleaned to remove dust and other forms of airborne and human contamination. This was
achieved by using the procedure described in section 5.3.1.

Amorphous silicon dioxide, SiO2 was plasma deposited using a standard process
developed by Plasmatech, the deposition conditions were:

SiH4 flow rate = 8 sccm.

N>O flow rate = 110 sccm.
Pressure = 250 mTorr

R.F. power =5 W.

Substrate temperature = 300 °C.
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The deposition rate was =65 nm/min and resulted in an even film thickness across the
average sample size. The samples were capped with four different thicknesses 960 A, 2600 ,
A, 4200 A and 6200 A.

Annealing was carried out in a conventional diffusion furnace with high-purity flowing
nitrogen atmosphere. The samples were mounted inside an enclosed high-purity graphite
box so that the samples top surface was uppermost and exposed to a high local vapour
pressure of arsenic provided from a small volume of gallium loaded with GaAs. Samples
were annealed at different temperatures 800 °C, 850 °C, 900 °C, 950 °C and 980 °C for 30

minutes.

4.6.5 Experimental Results:

The shift in the e1-hh exciton transition of the QW1, QW2 and QW3 due to intermixing of
Al-Ga (barrier-well) was measured, using the PL technique, at 12 K. Fig. 4.20 shows the
spectra for three samples capped with 2600 A of SiO5. The first spectrum was for an as
grown sample and the other two spectra were for samples annealed at temperatures 900 °C
and 950 °C. It shows the blue shift in the hh-exciton of the three QWs, after annealing.
There was a small broadening in the excitons linewidth, and at 950 °C the SQW1 hh-
exciton disappeared due to the complete intermixing of the well within the Gag 7Alg 3As
barrier.

Fig. 4.21(a-d) shows the energy shift (meV) of the hh-excitonic peak of the three QWs as a
function of the annealing temperature, for the four thicknesses of the SiO5 films (960 A,
2600 A, 4200 A and 6200 A respectively). It shows a blue shift (to higher energy levels) of
the hh-excitons as the annealing temperature increases. The energy shift is larger as the
QWs were closer to the top surfaces of the material, i.e.
(AEex)sqw1>(AEex)sQw2>(AEex)sqws. This was due to the high concentration of Ga
vacancies close to the GaAs-SiO, interfaces which enhance the intermixing of the Al-Ga
(barrier-well). These vacancies indiffused through the epitaxial layers as a function of the
annealing temperature and time. For the SQW1, which was closest to the top surface, the
hh-excitonic peak disappeared at temperatures 950 °C (for a SiO5 thickness of 960 A and
2600 A) and at temperatures 2900 °C (for a SiO5 thickness of 4200 A and 6200 A). This
was due to the complete intermixing of the well within the barrier. A blue shift of =120
meV, of the hh-exciton, was obtained at annealing temperature of 980 °C.
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Fig. 4.20 Photoluminescence spectrum of B34 GaAs/GaAlAs QW wafer for the as
grown wafer (top), samples capped with a 2600 A thick of SiO; film and annealed
Sfor 30 minutes at 900 °C (middle) and 950 °C (bottom). PL measurements were
achieved at a temperature of 12 K.
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The shift in the QWSs absorption edge was investigated as a function of the thickness of the
Si03 capping layer. The hh-exciton energy shift, for the three QWs, did not show a
consistent increase in the band edge (blue shift) with the increase in the thickness of the
capping layer. This was may be due to the variation of the properties of the deposited SiOp
film from one run to another.

4.6.6 Si3N4 Dielectric Capping Film:

A standard process developed by Plasmatech to deposit amorphous silicon nitride, Si3Ng,
was used. This gave a satisfactory deposition rate of =6 nm.min-! and resulted in an even
film thickness across the average sample size. The conditions for this process were:

SiH4 flow rate = 10 sccm.

N> flow rate = 100 sccm.

NH3 flow rate = 40 sccm.

R.F. power =20 W.

Substrate temperature = 300 °C.

Unfortunately these films suffered cracking and peeling off when the samples were
annealed above 600 °C. Fig. 4.22 shows an SEM photograph of a Si3N4 film cracked and
peeled off after annealing. This was believed to be due to the large amount of stress within
the amorphous Si3N4 layer. This stress originated during the growth process and is a
strong function of the gas phase chemistry, i.e. plasma conditions.

The growth-in stress may be reduced by varying the deposition conditions. Smith et al.
[24] and Hicks et al. [25], of this department, have shown that there exists at least two
distinct gas phase regions for the deposition of amorphous Si3N4 with very different
stresses. In an attempt to reduce the stress, films were deposited onto GaAs substrates
using a variety of plasma conditions. It was found that the following set of conditions
resulted in films that did not crack or peel even at temperatures in excess of 1000 °C, the
deposition rate was 8 nm/min:

SiHy flow rate = 2 sccm.

NH3 flow rate = 8 sccm.
Pressure = (.25 torr

R.F. power = 20 W.

Substrate temperature = 300 °C.
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Fig. 422 SEM micrograph of a GaAs/GaAlAs structure capped with Si~ 4
dielectric film after thermal annealing, the Si"N« film was peeled off at a
temperature 640 °C.

Surface preparation of the samples was also investigated, using two different procedures.
Samples were cleaned using the steps described in section 5.3.1, and the others were
cleaned with acetone and IPA followed by a blow drying with filtered air gun. The second
set of samples showed cracks in the Si3N4 capping film, this was due to cleaning the

samples with IPA as a final step leaves a very fine residue on the GaAs surface.

4.6.7 Vacancies Induced Selective Disordering:

In this section the degree of the differential disordering in samples capped with SiC>2 and
Si3N4 has been investigated. Three sets of samples, of B34 3SQWs, were cleaned and one
set was capped with SiCb (1200 A thick) and the second set capped with Si3Na (1100 A
thick) while the third set was uncapped. Samples (from each set) were annealed at the same

conditions, two annealing temperatures were used 800 °C and 850 °C for 30 minutes.

Fig. 4.23 shows the energy shift of the hh-exciton of the three QWs as a function of the

annealing temperature, for both the SiC>2 and Si3N4 capping film. These results were
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derived from the PL measurements at 12 K. The energy shift was relative to the uncoated
samples, annealed under the same conditions. A larger blue shift in the hh-exciton of the
QW which is closer to the top surface was achieved, and virtually there was no shift in the
band structure for samples capped with Si3Ny film. A differential shift of =40 meV was

obtained between samples capped with SiOy and SizNy, at annealing temperature of 850
°C.

60
$i0, (12008R) SQwt

S0 - SQW2
40 SQw3
30 1
20 1
10 1 SigN,(1100R)
0 -
-1 0 v T v T y T T
790 810 830 850 870
Temperature °C

Energy shift meV

Fig. 4.23 Energy shift of the hh exciton of the three QWs of B34, in samples
capped with SiO2 and Si3N4 dielectric films, as a function of the annealing
temperature. The energy shift is relative to the uncoated samples annealed at the
same conditions.

Further measurements were carried out on GaAs/GaAlAs DQWs structure. Fig. 4.24
shows a schematic diagram of the epitaxial layers, it consisted of two wells of 70 A thick of
GaAs and a barrier of 100 A thick of Gag 76Alp.24As, the two wells and the barrier were
sandwiched between two layers of Gag 76Alp.24As with a 0.32 um thickness on the top and
300 A on the bottom. The PL spectrum of the as grown A113 DQW material was measured
at 12 K and showed an excitonic transition peak at energy 1.616 eV, referred to the DQWs.

Two sets of samples were partially capped with SiO9 and Si3N4 films of thicknesses of
1800 A and 1500 A, respectively (i.e. half of the sample area was coated with either SiO
or Si3N4 capping while the rest area uncoated). The fabrication procedure was as follow:
samples were capped with a SiO (or Si3Ny), a photoresist mask was used to protect half
of the capped area (using optical lithography) and the rest of the capping was etched by

using RIE (using C2Fg gas). The etching process was performed in a Plasmatech machine
using the following conditions:
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C2Fs gas flow rate = 19 seem,
etching pressure = 16 mtorr.
R.F. power = 100 W.

reverse bias voltage =420 V.

This gave an etching rate of =50 nm.min-1 for Si3N4, and SiC>». Samples from each set
were annealed at temperatures, 800 °C, 850 °C and 88 °C for 30 minutes. Fig. 4.25 shows
the el-hh exciton energy as a function of the annealing temperature. The dash horizontal
line, at energy 1.616 eV, indicates the energy of the hh-exciton of the as grown material
before annealing. The hh-exciton experienced a blue shift as the samples annealed at
temperatures >800 °C regardless of whether the sample was capped or not. With reference
to Fig. 4.25, the Si3N4 capping film formed a good barrier for Ga outdiffusion, where the
hh-exciton energy experienced an average blue shift of only 40 meV over the annealing
temperature range. At annealing temperature of 880 °C, a blue shift of 175 meV of the hh-

exciton was achieved.

Fig. 4.26 shows the relative shift in the energy of the hh-exciton of the DQWs of the
samples capped with SiC>2 film and uncoated samples as a function of the annealing
temperature. This energy shift was compared to the samples capped with Si3N4. An energy
shift of 147 meV and 10 meV were achieved in the samples capped with SiCs2 film and

uncoated samples respectively, at an annealing temperature of 880 °C.

GaAs capping
GaAlAs 70 AGaAs
(24%) barrier
A GaAlAs
graded (30%-24%)
2.5 pm . 5 pm GaAs
GaAlAs (30%) SI-GaAs substrate buffer layer

Fig. 4.24 Schematic diagram of'the epitaxial layers ofA1l3 GaAs/GaAlAs DOW
structure grown by MBE. The two GaAs QWs have thickness of 70 A. All layers

are undoped and grown on SI-GaAs substrate.
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Fig. 4.25 The hh exciton energy of the DQWs of Al113 material as a function of the
annealing temperature, for SiO2 capped, Si3N4 capped and uncoated samples.
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Fig. 4.26 Energy shift of the hh exciton of the DQWs of A113, in samples capped
with SiO and uncoated samples, as a function of the annealing temperature. The
energy shift is relative to the samples capped with Si3N4 dielectric film, annealed at
the same conditions.

Similar measurements were carried out on a waveguide structure, A187 GaAs/GaAlAs
SQW. This material is fully described in section 4.3. Two sets of samples were prepared,
one set was partially capped with SiO; of 2300 A thickness and the second set was partially

86




capped with Si3N4 of 2500 A thickness. The samples were annealed at temperatures 807
°C, 837 °C, 851 °C and 880 °C, for 20 minutes. Fig. 4.27 shows the exciton energy of the
SQW as a function of the annealing temperature. In the samples capped with Si3N4 film,
the hh- and lh-excitons were well resolved in the PL spectra and the energy split of their
sub-bands in the valence band increased with the annealing temperature. These results
shows no change in the hh-exciton energy, of the uncoated and Si3N4 capped samples,
over the annealing temperature range (837 °C to 880 °C). The lh-exciton of the Si3N4
capped samples was blue shifted with annealing temperature. A large shift in the hh-exciton
energy was achieved in the samples capped with SiO; film, as the annealing temperature
was increased.

1.62
hh-exciton(Si0,)
> 1.60 1
=4
5 1.581 1h-exciton(SigN,)
o 1.56 1
S 1 hh-exciton(uncoated)
— —0
2 1547 o hh-exciton(SizN,)
1.52 M l v T Y T v T T
800 820 840 860 880 900

Temperature in degrees

Fig. 4.27 The hh and Ih exciton energies of the SOQW of A187 material as a
function of the annealing temperature, for SiO2 capped, Si3N4 capped and uncoated
samples. The lh excitons of the uncoated and SiO2 capped samples were not
resolved in the PL spectra.

Fig. 4.28 shows the energy shift, in meV, of the hh-exciton of the SQW of the sample
capped with SiO; film and uncoated samples, and the lh-exciton energy shift of the samples
capped with Si3Ny as a function of the annealing temperature. These energy shifts were
compared to the hh-exciton energy of the samples capped with Si3N4 film which were
annealed at the same conditions. At an annealing temperature of 880 °C, an energy shift in
the hh-exciton of 81 meV and 10 meV were achieved in samples capped with SiO and
uncoated samples respectively.
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Fig. 4.28 Energy shift of the hh and lh excitons of the DOWs of Al113, in samples
capped with SiO2 and uncoated samples, as a function of the annealing temperature.
The energy shift is relative to the hh exciton energy of the samples capped with
Si3N4 dielectric film, annealed at the same conditions.

Further measurements were planed to investigate these results in a waveguide geometry by
measuring the absorption spectrum for the TE- and TM-modes, but unfortunately we had
problems of using the deposition machine due to the damage of the mass flow controllers of
the gases. These measurements in a waveguide geometry and the implementation of the
vacancies induced disordering technique in the all-optical switching devices are proposed as
a future work, in chapter 9.

4.7 Conclusions:

The growth techniques of The GaAs/GaAlAs SQW and MQWs were outlined, and the
characterisation techniques of their band structure were presented, using the photocurrent
and photoluminescence spectroscopic techniques. In the last section of this chapter we
discussed the possible techniques of disordering the band structure of GaAs/GaAlAs QW
materials. The vacancies indiffusion disordering technique was employed in this work to
obtain a lateral selective disordering and the experimental results showed the effectiveness
of such technique to achieve a large shift in the QWs band structures.
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Chapter 5

Fabrication and Linear Characterisation of
GaAs/GaAlAs Waveguides

5.1 Introduction:

In this chapter the fabrication details of active and passive optical devices were described,
this included photolithography, ohmic contacts and dry etching techniques. The linear
characterisation of the straight waveguides and their experimental arrangements were
presented. Finally, the high power tunable laser sources and their mode-locking techniques
were discussed. These lasers were used to study the nonlinear optical properties of the
straight waveguides and the all-optical switching devices.

| 5.2. Chrome Mask Manufacturing:

A great deal of time and effort were spend to manufacture glass shadow masks using three
different approaches.

In the first approach, the layout of the pattern was generated on a Rubylith transparent film
using a cutting table. This was used to produce simple patterns, e.g. straight lines. The
second approach was used to produce more complicated patterns (Y-junctions and curves
with S-bends), the layout of the pattern was a computer-generated on a single-matt
transparent Calcomp film. A GKS.UK graphical routines were used on a Vax computer to
draw the patterns on a one meter wide Calcomp plotter 1042GT. The generated patterns on
these transparent films were reduced (x1/40) onto emulsion plates and then (x1/4) onto a
chrome shadow plate to the final required size. In the third approach, masks were fabricated
using an electron-beam writer. The required pattern was written directly onto the chrome
plate. The technique was made available at the Department towards the end of this project.
It produces a high quality masks with high resolution.

3.3 Fabrication of Stripe Waveguides:

Fabrication of small semiconductor devices requires a temperature and humidity controlled
environment, with a limited number of dust particles since these particles could critically
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mask the processed areas. Therefore fabrication of these devices was done in class 0-100
clean cabinets in a class 1000 clean room. Standard optical lithography was used to define
the optical device patterns in a light sensitive resist (i.e. photoresist) spun over the samples.
The photoresist can either be a positive image of the pattern which in this case serve as an
etching mask or a negative image which was used for further process (lift-off). Rib
waveguides were defined by dry etching through the epitaxial layers of the semiconductor
material.

The steps used to fabricate GaAs/GaAlAs passive and active rib waveguides are shown in
Fig. 5.1, and are as follow:

1) Surface preparation.
2) Coating.

3) Softbacking.

4) Exposure.

5) Development.

6) Etching.

5.3.1 Surface Preparation:

Samples were chemically cleaned to remove dust and other forms of airborne and human
contamination. They were then force dried and given a short bake to remove residual
surface moisture, permitting good resist adhesion. The samples were chemically and
ultrasonically cleaned (using an ultrasonic agitator) as follows:

1) RO water.

2) Methanol (removes water vapour).

3) Trichloroethylene (removes grease).

4) Methanol (removes trichloroethylene).

5) Acetone (removes organic contamination).
6) Methanol (removes Acetone).

7) RO water (removes traces of solvents).

The last stage was followed by blow drying the sample through a 0.45 um filtered air-gun,
leaving a clean surface. The samples were then baked at 90 °C for 5 minutes to remove
residual surface moisture.
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Fig.5.1 Fabrication steps of active (to the left) and passive (to the right)
waveguides.

5.3.2 Coating:

Two different resists produced by Shipley; AZ1350J and AZ1350 were used. The
photoresist was dispensed through a filter (0.45 pm and 0.2 pum respectively) over the

sample and spun at 4000 r.p.m. for 30 seconds. This produced an even resist film, except
at the corners of the sample, approximately 1.8 um thick (for AZ1350J) and 0.45 pm thick
(for AZ1350). These photoresist were replaced later by S1400-31 (equivalent to AZ1350J)
and S1400-17 (equivalent to AZ1350). Thinner resist gives higher resolution with vertical
sidewall profiles.
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5.3.3 Softbaking:

The samples were softbaked in a fan oven at 90 °C for 30 minutes. During the softbake
almost all the solvents were removed from the photoresist, rendering it photosensitive. This
is an important part in photo-imaging and number of parameters are determined by it (e.g.
adhesion, exposure and development).

Adhesion of the photoresist is partially a function of softbaking. Incomplete softbaking
results in poor resist-sample bonding and subsequent lifting of resist images in the
developer.

Over softbaked photoresist will degrade the photosensitivity of the resist, due to either
reducing the developer solubility or destroying a portion of the sensitiser.

under softbaked resist is readily attacked by the developer in both exposed and unexposed
areas.

5.3.4 Exposure:

The resist was exposed to ultra-violet light through a chrome mask using a contact printing.
The contact printer arrangement is simple but effective, it involves pressing the sample
down on top of the shadow mask by means of a large weight. The exposure time for the
thick resist (AZ1350J and S1400-31) was 6 minutes and for thin resist (AZ1350 and
S$1400-17) was 4 minutes.

A mask aligner was also used in contact printing, it provides the alignment facility of the
pattern with respect to the sample. The exposure time for the thick resist was 10 seconds
and for thin resist was 4 seconds.

The build up of the photoresist at the sample corners (<30 pm) prevents a hard contact
between the photoresist and the chrome mask, which leads to poor quality line definition
because of the diffraction of light between the mask and photoresist. Therefore the resist at
these corners was removed by webbing it with a cotton-bud soaked in acetone, before
exposure to U.V. light.
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5.3.5 Development:

The exposed photoresist was developed in a 1:1 solution of AZ developer and RO water
(freshly made). After immersion for about 35 seconds, the patterns were fully developed,
then rinsed in RO water and blow dryed with filtered air-gun. The chrome mask was
cleaned after every 2-3 exposures, where it may pick-up pieces of the resist from previous

exposures.

Figure 5.2 shows ridge profile of AZ1350J and AZ1350 photoresists, the resist profile was
steeper in the thin resist with vertical sidewalls. In both profiles, standing waves are shown
in the sidewalls of the resist image. This was due to the periodic variation in the exposing
intensity. The periodic intensity variation was caused by the interference between the
incident and reflected U.V. light, from the sample surface. The standing waves can be
eliminated by treating the sample surface with a thin layer of antireflection coating before

coating the sample with photoresist.

(a) (b)

Fig. 5.2 SEM micrograph of a developed ridge profile of a thick photoresist
AZ1350J in (a) and a thin photoresist AZ1350 in (b).
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5.3.6 Deposition:

Metal deposition was used in two occasions, either as an etch mask (usually a 500 A of
NiCr film) or an ohmic contacts (electrodes) in active devices. The use of the NiCr film in
dry etching enhance the etch selectivity between the mask and the substrate compared to the
photoresist. Ohmic contacts were usually protected, during dry etching, with a NiCr
deposited layer.

Standard photolithography was used to define a negative image of the pattern in the
photoresist (by using a dark-field chrome mask), followed by thermal evaporation in an
evacuated chamber. The chamber was evacuated down to 20 mtorr by using the rotary
pump and then to #3x10-3 mtorr by using the diffusion pump. Metals were placed in a
tungsten coils and heated by using a high voltage power supply. Slow deposition rate of
0.2 nm/second were used to ensure uniform deposition. The thickness of the deposited
metal was monitored by an Intellimetrics sensor placed close to the sample. It consisted of a
crystal which oscillates at a frequency varying according to the thickness of the deposited
metal.

The metal mask was ~500 A thick of nichrome (alloy of 90% nickel and 10% chromium).
This gives good dry etching resistance properties and is easy to remove from the sample by
wet etching (using 1:1 HCI:H70).

Lift-Off:

After metallisation the unwanted metal was removed by using a lift-off, leaving a positive
image of NiCr film of the pattern on top of the sample. This was achieved by immersing the
sample in acetone to dissolve the resist and lift the NiCr layer on top of it, the sample was
then rinsed with methanol followed by RO water and blow drying with N».

5.3.7 Dry Etching:

Rib waveguide devices are highly sensitive to etch depth and ridge profile. These
parameters are difficult to control with wet etching, therefore dry etching was used.
Although this method is more controllable, it can produce rough sidewalls and damage in
the etched surfaces. These contribute to the propagation losses of waveguides, and
therefore dry etching conditions must be optimised to minimise these effects.
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Dry etching techniques can be categorised according to the mechanisms involved in the
etching process. Ion beam etching IBE [1] is a pure physical process, while plasma etching
PE [2] is primarily a chemical process, reactive ion beam etching RIBE and reactive ion
etching RIE [3] provide the two means of physical and chemical processes. Since RIE was
used in this work, therefore it is described below.

Reactive Ion Etching RIE:

Fig. 5.3 shows a schematic diagram of a RIE system. It was developed from sputtering
systems. RF power was applied across electrodes within a vacuum chamber producing
chemically active ions plasma from a suitable single gas or mixture of gases. The sample to
be etched was generally mounted on the smaller, non-grounded electrode of a pair of
parallel-plate electrodes. The rectifing properties of the plasma produce a D.C. self-bias and
ions were directed onto the sample across the plasma dark space.

Inlet 1

gas
Vacuum — |

chamber

=

|
Matching load | ] 0 iump dark space

R.F. generator (

1
1
—_—

Fig. 5.3 Schematic diagram of a simple reactive ion etching system.

Due to chemically active gases being used, etching was partly chemical, producing a
material dependent etch rate. However, the ions arrive at the sample after being accelerated
across the dark-space, therefore etching is directional. The etch characteristics of RIE
depends on a large number of parameters such as RF power, gases partial pressure and the
bias voltage.

The patterned samples were etched in a Plasmatech RIE80 reactive ion etcher RIE using a

SiCly gas with flow rate of 9 sccm and an etch pressure of 12 mTorr. RF power of 100
watts at 13.56 MHz was applied across plates 60 mm apart, the top plate having a diameter
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of 180 mm and the bottom 170 mm. The resulting D.C. self-bias was 270 V. The bottom

plate temperature was 40 °C.

Figure 5.4 shows an etched samples of GaAs/GaAlAs material using RIE (with SiCLj. gas),
the etching masks were AZ1350 and AZ1350J photoresists. The etch rate was 0.17 jam (for

GaAs) with vertical sidewalls and smooth surface.

9000

(a) (b)

Fig. 5.4 SEM micrograph of a GaAs/GaAlAs rib waveguide fabricated by using
RIE, with SiCU gas. The etching mask is AZ1350J in (a) and AZ1350 in (b).

In waveguides with deep etching, the photoresist mask may deteriorate at the edges. Due to
the erosion of the resist mask, the waveguide profile was not rectangular. This is shown in
Fig. 5.5, the effective width of the waveguide was smaller than the linewidth of the original

pattern. Therefore a metal mask (NiCr) was used, which provides a high etching resistant.
The resist mask was removed subsequently with acetone in ultrasonic agitator. While the

NiCr mask was removed using wet etching by soaking the etched samples in a 1:1 mixture

ofHCI1:H20 for 45 seconds. The samples were cleaved to produce mirror finish end facets.
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Fig. 5.5 SEM micrograph of a GaAs/GaAlAs rib waveguide, the edges of the

etching mask were deteriorated during the long etching time.

5.4 Ohmic Contacts:

The fabrication of active optical waveguide devices required metal-semiconductor contacts
to enable the application of an electrical power to the device. When a metal is brought in
contact with a semiconductor, a potential barrier occurs at the interface originated from the
difference in work functions between the metal and the semiconductor. Fig. 5.6a shows the
energy level diagrams for a metal and an n-type semiconductor before contact, where the
work function of the metal Om is greater than that of the semiconductor 0S When the two
materials are brought into contact, electrons flow out of the semiconductor into the metal
until thermal equilibrium is established and the fermi levels within the metal and n-type
semiconductor are equal. The surface of the n-doped semiconductor adjacent to the metal is
depleted of free electrons and the energy bands bend upward as shown in Fig. 5.6b. In the
case of a p-doped semiconductor, the energy bands bend downwards. Although, in theory,
the height of the potential barrier o b is governed by the work function of the metal, in
practice, it is very nearly independent of the metal used. This is because the Fermi-level of
the semiconductor is "pinned" at its surface by surface states. The potential barrier produces

a rectifying properties and is known as Schottky barrier [4], and the applied voltage drops
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across the metal-semiconductor barrier. In some active devices, the applied voltage is
required to be across the device active region and not the Schottky barrier. In such devices,
ohmic contacts were used where the voltage drop across the metal-semiconductor is
negligible compared with that across the actual device. In order to achieve this, the doping
level in the GaAs at the metal-semiconductor interface should be increased such that the
barrier width is reduced and carriers can tunnel through it, as shown in Fig. 5.6¢c. The
highly doped layer can either be grown on top of the structure and/or formed by deposition
and annealing of alloy contact containing an element which acts as a donor (in n-type) or
acceptor (in p-type) material.

Vacuum
i i ® k e
| N
Metal b ""y‘: \_Ev ""VEV
semiconductor  Metal semir::z%ictor Metal semicon‘fuctor

with surface states

(a) (b) (c)

Fig. 5.6 The energy level diagrams for a metal and an n-type semiconductor with
surface states; a) before contact, the work function of the metal x, is greater than

that of the semiconductor Xs b) after contact, a Schottky barrier ¢g is formed c)
thin barrier after thermal indiffusion (annealing).

Some of the materials used in this project were p-i-n GaAS/GaAlAs quantum well
structure, grown on n*-GaAs substrate. A p-type ohmic contact was evaporated on the top
of the active device and n-type ohmic contact on the bottom. The two types of contacts are
described below in details.

Fabrication of Ohmic Contacts on GaAs:

Prior to evaporation, samples were cleaned with organic solvents. Oxide reduction was
carried out by wet etching using 1:1 of HCl:H2O, which attacks the oxide layer and not the
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GaAs. In addition , RF argon plasma cleaning was performed in a vacuum system prior to
metal deposition.

The metal composition and thickness for n-type ohmic contact consisted of Au(*850
A)/Ge(2500 A)/Ni(*250 A)/Au(1000-2000 A). For the p-type ohmic contact, it consisted
of Au(*300 A)/Zn(=300 A)/Au(1000-2000 A).

The metals were thermally evaporated in the vacuum system described in section 5.3.6.
Ohmic contacts were obtained by annealing the samples at 360 °C for 30 seconds on a
graphite heating element in a reducing atmosphere of (5% H2+95%Ar ). During annealing,
in n-type contact , Au enhances the out diffusion of Ga (of group IIT) from GaAs, and Ni (a
fast diffuser) greatly enhances the indiffusion of Ge into GaAs [5,6]. Consequently, Ga
vacancies were filled by Ge atoms (of group IV) creating a highly doped n-type layer on the
GaAs surface, which was necessary for the ohmic contact. In the case of p-type ohmic
contact, the Ga vacancies were filled by Zn (of group II ). The top layer of Au provided a
small sheet resistance and also for the purpose of bonding the optical device.

5.5 Cleaving and Mounting The Optical Waveguides:

To obtain optimum coupling into waveguides, mirror finish end facets were required. This
was achieved by cleaving the sample along the crystallographic planes [110] and [110],
using a diamond stylus scriber to initialise the cleave.

Active optical devices were bonded onto specially designed p.c.b., with substrate down ,
using a silver epoxy (Johnson-Mattey ). Top contacts of the devices were connected to the
p.c.b. mount with an aluminium wires using an ultrasonic bonder. Fig. 5.7 shows a
photograph of bonded devices.

5.6 Propagation Loss Mechanisms in Optical Waveguides:

The fabrication of low-loss integrated optical circuits is a necessity for practical applications
of such systems. Scattering and waveguide loss can often limit device performance and
directly reduces the maximum transmission length of these devices. In this section the
optical waveguide propagation loss mechanisms are described and two techniques for loss
measurement with experimental results are presented.
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Fig. 5.7 A photograph ofa bonded active device.

Figure 5.8 shows a schematic diagram of a typical semiconductor waveguide structure. The
optical confinement is achieved in the transverse direction due to material compositional
change, and in the lateral direction by the effective index difference due to etched rib into
the material layers. Optical loss sources in such waveguide (as indicated in Fig. 5.8) can be

classed as scattering (1,2), leakage (3) and absorption (4).

Fig. 5.8 Schematic diagram of a GaAs/GaAlAs rib waveguide showing the
possible propagation loss mechanisms; scattering loss due to roughness in the (1)
epitaxial layers interfaces, (2) sidewalls roughness, (3) leaky modes into the

substrate and (A)free carriers absorption.
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5.6.1 Scattering:

Scattering loss in semiconductor waveguides results primarily from rough interfaces (both
epilayer boundaries and etched rib surfaces ). Theoretical treatments are available for
scattering loss in planar waveguides [7,8], which can be used to estimate the epilayer
scattering loss. Scattering of light at a wavelength A is expected from roughness with

spatial period A in the range:
A A
(n1—n2) >A> (n1+n2)

where nj and nj are the effective refractive indices of the guiding and cladding layers.

Tien [9] express the scattering loss o of a symmetric planar guide as:

4’ _ 9Kh Ean’
DT e

o= (5.1)

where © is the interface roughness, t is the guide thickness, kg is the free-space wave
number, P is the modal propagation constant, An is the difference in dielectric constants
between the guiding and cladding layers, and h, p are transverse propagation constants in
the guiding and cladding layers respectively.

Equation 5.1 shows that the scattering is proportional to the normalised optical intensity at
the guiding-cladding interfaces, E";/ IEz _In general, epilayer scattering increases with
increasing index difference An=n3-n;, decreasing the guiding layer thickness, increasing
the mode number and 62.

5.6.2 leakage:

Waveguide losses can also results from leakage of guided light into the substrate. This

situation exists in GaAs/GaAlAs material system, where the waveguide structure is grown

on GaAs substrate with equal or greater refractive index than the guiding region. To

minimise the leakage loss, a thick lower cladding layer of GaAlAs with large Al mole

fraction is required [10,11]. The leakage-induced propagation loss of the fundamental TE-

mode in a GaAs/GaAlAs single hetrostructure is given by [10]:
«n A hp? sin®(ht) e 27

°nVn?t

(5.2)
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where T is the GaAlAs cladding thickness. In general the loss coefficient due to leakage
decreases exponentially with increasing cladding thickness T.

5.6.3 Absorption:

Many semiconductor alloys, exhibit a direct bandgap, and absorb strongly at photon
energies close to or above the corresponding band edge. Absorption is also introduced by
free carriers. In general, this involves both intraband and interband transitions. The
absorption loss of a given waveguide mode depends both on bulk material losses and the
overlap of the modal intensity distribution with the absorbing material.

5.6.4 Facet Reflectivity:

Another important parameter in the optical losses of a waveguide is the facet reflectivity.
For certain applications, such as travelling wave devices (e.g. our nonlinear Mach-Zehnder
interferometer and directional coupler) and distributed feedback lasers [12], it is desirable to
reduce the end facet reflectivity also to suppress the multireflections caused by the end
facets. This can be achieved by coating the end facets with antireflection dielectric film or
multilayer stack [13]. Multireflection in a waveguide cavity can also be reduced by
arranging the waveguide such that it meets the end facet at an angle sufficiently large to
permit only a small amount of the reflected light to be captured by the waveguide [14,15].
This approach was fully investigated during the course of this work.

5.7 Linear Propagation Loss Measurements:

The simplest method to evaluate the waveguide insertion loss was to measure the output
transmission of the waveguide. The ratio of the output to the input optical intensities yields
the overall insertion loss, which includes both coupling and waveguide propagation losses.
To distinguish between the coupling and propagation losses in a waveguide it was
necessary to measure the output transmission as a function of the waveguide length. This
method is known as the sequential cleaving method [16]. The major difficulty with this
technique was to have the same input coupling to the waveguide. A second difficulty was
caused by waveguide end facet reflections, which give rise to resonator effects that
significantly complicate the data analysis. As we will see later in this section, resonator
attenuation does not vary linearly with guide length, and back-reflected light can cause
feedback effects if the light source is not properly isolated [17].
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In order to overcome the problems with input coupling reproducibility, the waveguide
propagation loss can be measured using Fabry-Perot method [18]. This technique relies on
cleaved waveguide end facets to form a Fabry-Perot waveguide resonator. The finesse of
the cavity is measured by varying the waveguide phase f (i.e. optical path length). This can
be achieved by heating the sample, or wavelength [19], or electro-optic modulation tuning
[20].

5.7.1 Theory:

In a cavity of length L, the single-pass output transmission power is given by:
| =I,AT?
T where T=0-R

where Ij is the incident intensity, A is the material intensity attenuation, T and R are the
intensity transmission and reflection respectively. The intensity attenuation factor A can be
expressed in term of the waveguide propagation loss  as:

A = e-—2(!L

where o is in npr.cm-1. If we assume that A is large so that multireflections are small, then

the intensity of the output transmission is given by:
2
I(L) =1,y —-R) e ® =1 e *" (5.3)

where Ig is the effective input intensity and include terms due to input and output coupling
efficiencies. Thus by measuring the output transmission for different lengths and plotting
In(I) as a function of L, a straight line with gradient 2o is resulting. The propagation loss
usually is expressed in dB/cm, where:

2o(npr.cm™") = alcm™)

10log, e.a{cm™) = a{(dB.cm™)

In a waveguide resonator , A is not large and multireflections inside the cavity can not be
neglected. The output transmission of the Fabry-Perot cavity can be derived from the
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convergent geometric series obtained by adding wave amplitudes due to successive
reflections. Assuming a coherent monochromatic light, the output transmission is :

I,A
T= >3 (5.4)
1-2ARCOS ¢ + A°R
Then resonant and antiresonant output transmissions are given by:
I,A
T,=——— (5.5)
(1- AR)
I,A
T,=—7 (5.6)
(1+ AR)

If R is known but not I, then the single-pass loss I'k (dB) is readily obtained from the ratio
of the Fabry-Perot fringes K=Tgr/T4, and is given by:

1 vk -1
r (dB) =-10log A =-1 Ologm[—ﬁ.—m] (5.7)

Similarly, if Ip is known but not R, the propagation loss may be derived from the single-
pass transmission Tg where:

T,=1,A =4[T."?-T""*] (5.8)

., (@ =1000g,{ ) 5.9)

Equation 5.7 shows no dependence on the input coupling, and thus coupling
reproducibility problems are avoided.

In order to determine Ip and R and thus obtain absolute loss measurements, it is necessary

to cleave sample 1 into two lengths (sample 2 and 3). R should be the same for all three

samples so that:
r=r,+r,

thus
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I,=—2—= (5.10)
and
F(k,) F(k,)
R= F(k1) (5.11)
where
F(k) = Vk -1

Vi +1

5.7.2 Experimental Arrangements:

5.7.2.1 End-Fire Coupling Technique:

Coupling of light into a waveguide can be achieved in three different ways, prism, grating
and end-fire coupling techniques. Prism coupling requires that the refractive index of the
prism to be higher than that of the waveguide material. For GaAs waveguides (refractive
index =3.5) it is difficult to obtain a prism with a higher refractive index. The grating
couplers are widely used to lunch light into slab waveguides. In both these techniques the
coupling of the incident light into a guided mode is achieved by matching the propagation
wave vector of the incident light to that of the slab mode. The third technique, used in this
work, is the endfire coupling. In this technique, the conversion of the incident light into a
guided mode is achieved by matching the field profile of the incident beam to that of the
guided mode. The field match can be affected by suitably reducing the input beam so as to
conform as closely as possible to the guide mode field profile. Therefore any mismatch in
the field profile will lose energy into radiated modes. Also, because the waveguide cross-
section area has a dimension of the order of micron, input beam position is critical and
requires sensitive micro-manipulation.

5.7.2.2 Experimental Set-up:

The end-fire coupling system used to characterise waveguides is shown in Fig. 5.9. It
consisted of two trinocular metalurgical microscopes were coaxially mounted on an optical
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bench to couple the light into and out of the waveguide. A He-Ne laser (A=0.632 pm)
aligned centrally through them. The objective turrets, contain 10x, 20x, 50x and 80x
objectives. This allows to change the size of the incident beam for optimum coupling to the
waveguide. The sample holder was an arm attached to an x, y and rotation stage which was
positioned between the microscopes. This allowed a precise positioning of the waveguide
with respect to the incident laser beam. A long working distance, zoom, stereo microscope
allowed the top of the sample to be observed when active devices were probed. The
eyepieces of the input and output microscopes were used to ensure that the laser is incident
on the desired waveguide and also to examine the quality of the input and output end facets
of the waveguides.

The propagation losses of stripe waveguides were measured at A=1.15 pm He-Ne laser.
This laser was diffracted from a 600 line/mm grating and aligned with respect to the
A=0.632 um laser. The grating was used to separate the two wavelengths A1=1.153 um
and A2=1.162 um, of the infrared laser. The later line had an intensity of one quarter of that
of the former. The intensity profile of the output coupled mode was observed by using a
Hamamatsu camera with a data logging computer. This enabled us to examine the
waveguide far field mode profile. The output of the waveguide was specially filtered and
focused into a Ge detector. The input laser (A=1.15 pm) was chopped at 1 kHz and the
detected signal was send to a lock-in amplifier, and then to a chart recorder.

5.7.2.3 Sample Heating:

To produce the Fabry-Perot resonant/antiresonant cycles, the optical path length of the
waveguide was changed. This was achieved by heating the sample, which caused a change
in the refractive index as well as the length of the chip. The accuracy of the propagation loss
measurement depended on the way the samples were heated. The key point of avoiding any
experimental error was by keeping the coupling coefficient of the incident light into the
waveguide unchanged while heating the sample. The change in the coupling coefficient was
mainly caused by heating the input and/or output objective lenses. This happened when a
soldering iron was used as a heat source. Later, this was replaced with a resistor (0.25 W)
suspended close to the top of the sample (=1 mm) as a heat source. By heating the sample
to =12 °C above room temperature, it was possible to trace 6 to 8 Fabry-Perot cycles. The
rate of change of temperature on the sample after removing the heating source was
measured by using a thermocouple attached to the sample. This is shown in Fig. 5.10, the
drop of temperature was exponential with time.
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Fig. 5.10 a) Experimental apparatus to measure the temperature of the sample, b)
The rate of change of temperature after removing the heat source from the sample.

Figure 5.11 shows the Fabry-Perot output transmitted resonant cycles produced by the two
methods. In Fig. 5.11a, the drift of the cycles during and after heating the sample (using a
soldering iron) reflects the change of coupling coefficient of the incident light to the

waveguide.

5.7.3 Experimental Results:

The single-mode straight waveguide propagation losses and the end facets reflectivity were
investigated as a function of the waveguide and guided mode parameters. These parameters
include the waveguide rib width and height, and the tilt angle of the end facets with respect
to the longitudinal axis of the waveguide. Fig. 5.12 shows a schematic diagram of a rib
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Fig. 5.11 The Fabry-Perot resonant/antiresonant cycles of a single mode GaAs/GaAlAs
waveguide cavity produced by heating the samples using a)soldering iron b)resistor.
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waveguide with its end facets tilted at an angle o with respect to the waveguide longitudinal
axis and having a rib with W and etching depth t. The waveguide parameters (end facets
and propagation losses) were investigated in two wafers, single and double hetrostructure

GaAs/GaAlAs materials. Two masks were designed for this purpose.

"T

Fig. 5.12 Schematic diagram of a rib waveguide with a tilt end facets. The

longitudinal axis ofthe waveguide is tilted at an angle 0 with respect to the normal

to the endfacet.

5.7.3.1 Results in GaAs/GaAlAs Single Heterostructure Material:

A chrome mask was designed to allow studies of the change in the power reflection
coefficient of a single mode rib waveguide as a function of the angle 0. The mask consisted
of 36 waveguides divided into four sets with 2 pm and 3 pm linewidths. Each set consisted
of two straight waveguides (0=0), while the rest were inclined with angles o of 0.25°,
0.5°, 1°, 1.5°, 2°, 3° and 4° with respect to the straight lines (almost as in Fig. 5.15, but
only half the fan). A straight line with 10 pm linewidth was used to align the pattern with

respect to the cleavage plane of the sample.

A GaAs heterostructure grown by MBE was used. It consisted of a 0.85 pm thick GaAs
guiding region and a 3 pm thick Gao.9Alo.1As lower cladding layer. The epitaxial layers
were nominally undoped and grown on a semi-insulating (SI) substrate. Optical lithography
was used to produce 2 pm and 3 pm linewidth stripes of Shipley AZ1350J photoresist. A
mask aligner was used to align the pattern with respect to the cleaved edge of the sample.
The quality of the alignment was examined using an optical microscope with a rotation plate
which enabled measurement of any offset greater than 2 minutes of arc in the pattern with
respect to the cleaved edge. The patterned samples were then etched in a Plasmatech RIE80

reactive ion etcher RIE using a SiCU gas. The photoresist mask was subsequently removed
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with acetone in ultrasonic agitator. These waveguides were designed to be single-mode
(using NWAVE program).

From Fresnel's law for plane wave reflection, the facet reflectivity R of these waveguides
(at 1.15 um wavelength) at normal incidence to the cleaved edge was 0.302. The average
propagation losses of the 2 pm and 3 pm wide ridge waveguides, with an etching depth of
1 pm, were 7.89 dB.cm-1 and 4.86 dB.cm-! respectively with standard deviations of 0.8
dB.cm-1 and 0.9 dB.cm-1. These measurements were achieved by using Fabry-Perot
method. The waveguides were etched into the cladding region. Therefore, the overlap
integral between the optical guided light and the sidewall roughness was high [21], [22].
This gave substantial scattering losses which reflected the high and significant difference in
the propagation losses between the 2 pum and 3 pm waveguides.

Assuming that the inclined waveguides on the same sample have the same propagation
losses as that of the untilted waveguide, the facet reflectivity was deduced from
measurements of the total loss in the tilted waveguide. Fig. 5.13a and Fig. 5.13b shows the
reflection coefficient as a function of the angle 0 for the 2 pm and 3 pm single mode
waveguides respectively. Results have been plotted using the lowest, highest and mean
values of attenuation observed in the untilted waveguides.

Intuitively, the oscillations in the facet reflectivity as a function of 6 can be explained by
interference between the incident and reflected guided fields at the facets. At the tilted end
mirror facet, the reflected guided field is multiplied by a phase factor [23] exp(i26Bx),
where P is the propagation constant of the guided TE-mode and x is the transverse
coordinate of the mode. This difference in phase between the incident and reflected guided
waves caused either a constructive or destructive interference depending on the relative
phase of the two fields. Thus when aB=Ag/2, where a is the " half-width " of the mode and
Ag is the guiding region wavelength, one would expect a dip in the reflectivity.

While this explanation seems reasonable, it is difficult to reconcile the observed spacing of
the dips in the reflectivity with this explanation. Taking the largest possible value of a=1
um, 0 is 5°; this is much greater than the observed spacing. These anomalous results led us
to carry out further investigations of the facet reflectivity as a function of the facet tilting
angle for different degrees of confinement of the lateral optical field.
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Fig. 5.13 The end facet power reflection coefficient of a GaAs/GaAlAs heterosture
waveguide as a function of the facet tilting angle ©. The waveguide etching depth
was 1 pum and the rib width was; a) 2 ym and b) 3 um.

5.7.3.2 Results in GaAs/GaAlAs Double Heterostructure Material:

The previous chrome mask was slightly modified. The new mask consisted of a set of 2
pm lines in the form of a fan, with inclination angles, 6, of 0.25°, 0.5°, 1°, 1.5°, 2°, 2.5°,

3°,3.5° and 4°, as shown in Fig. 5.14.
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10 jim reference line

Fig. 5.14 Schematic diagram ofa chrome mask consisted ofa set of2 pm lines in
the form ofafan, with inclination angles, 0, 0of0.25°, 0.5°, 1°, 1J°, 2° 25°, 3°,
3.5%and 4°. The 10 pm is used to align the pattern with respect to the cleaved edge

of'the sample.

Waveguides were fabricated using the new mask in GaAs/GaAlAs wafer grown by
MOCVD at plessey Research (Caswell) Limited (OC396). A schematic diagram of (OC396)

wafer is shown in Fig. 5.15. It consisted of 0.8 Jim thick GaAs sandwiched between two
layers of 0.2 Jim thick of GaAlAs. The Al dopant was graded from zero, at the
GaAs/GaAlAs interfaces, to 10%. In this structure the effective thickness of the nominally

undoped guiding region was 1 pm.

50 A GaAs capping
0.4 pm GaAlAs 0.2 pm GaAlAs
Al%=10 Al graded
0.8 pm GaAs Oto 10%
0.4 pm GaAlAs 0.2 pm GaAlAs
Al%=10 Al graded
0.5 pm GaAlIA Oto 10%
Al%=10 S| GaAs substrate
0.5 pm GaAlAs
) Al graded
All undoped excepts regions shown [ Oto 10%

which are n-doped

Fig.5.15 Schematic diagram of a GaAs/GaAlAs waveguide structure, the guiding

region effective thickness is 1 pm.
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The lateral optical confinement was varied by changing the etching depth t, as indicated in
Fig. 5.12, of the rib waveguide. Three sets of single mode waveguides were fabricated.

In the first set of rib waveguides, the etch depth was 1.13 pm and the adjacent slab
thickness was well below cutoff. Sequential cleaving was used to determine the facet
reflectivity, using Eq. (5.11), R=0.28. The propagation loss of the untilted 2 um rib
waveguide was 7.15 dB.cm"! with a standard deviation of 0.9 dB.cm-l. The facet
reflectivity of the inclined waveguides of this set was measured in the same manner as
before. Fig. 5.16 shows the oscillation in facet reflectivity R of the inclined waveguides as
a function of the tilt angle 6. The poor facet reflectivity R of waveguides with facet angles 0
less than -2.5° was investigated by examining these waveguides using the Scanning
Electron Microscope (SEM) and major overgrowth defects were noticed at several points
along these waveguides, as shown in Fig. 5.17.
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Fig. 5.16 The end facet power reflection coefficient of a GaAs/GaAlAs waveguide
as a function of the facet tilting angle 6. The waveguide rib width and etching depth
were 2 um and 1.13 um, respectively. The etched slabs thickness is well below the
cut-off thickness of the fundamental mode. Results have been plotted using the
lowest, highest and mean values of attenuation observed in the untilted waveguides.

In the second set, the etch depth was 0.35 um and the slab waveguide sections adjacent to
the rib were well above the cutoff thickness. The alignment of this sample was examined
under the microscope and it was found that the waveguide pattern was offset by 12 minutes
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+2 with respect to the cleaved edge. The propagation loss of the nominally untilted 2 pm
strip loaded waveguide was 3.4 dB.cnrlwith a standard deviation of 0.3 dB.cnrl. The
lower propagation losses in these shallow etched waveguides confirm that scattering loss

dominated the propagation losses in the more deeply etched waveguides.

Fig. 5.17 SEM micrographs showing overgrowth defects.

The value of R for the inclined waveguides was measured and is shown in Fig. 5.18. The
disappearance of oscillations in the facet reflectivity of the inclined waveguides as a
function of angle 9 was expected. For such shallow rib waveguides a significant part of the
light reflected at the tilted facet mirror goes from the rib waveguide into the adjacent slab as
aradiated mode and does not contribute to the waveguide Fabry-Perot interference. In other
words, The Fabry-Perot finesse of these inclined waveguides becomes monotonically

smaller as the facet tilted angle increases.

Marcuse [23] presented a simple theoretical model to calculate the reflection coefficient at a

tilted end facet of the lowest order TE-mode of a slab waveguide:

MU2[ M2- Gpew) pew }+MCOS(POW)“
R = R,(e) x (5.1 2)
1+ M) u2-(i-pew) M2+ (“pew)2



where R¢(0) is the Fresnel reflection coefficient of a Plane wave that is reflected from the
tilted interface of the semiconductor and air. M and U are the normalised transverse
propagation constants of the wave in the core and the slab of the waveguide, respectively.

kg is the free space wave number, n; and n are the effective refractive indices of the slab
and core of the waveguide. In rib waveguides, the EIM was used to calculate the effective
refractive indices.

This theory is applicable to waveguides with shallow rib height, where the EIM gives
approximate results of the effective indices. As the rib height increases (i.e. larger etch
depth ), Marcuse model was not applicable and did not explain the experimental results of
the tilted facet reflectivity. Fig. 5.18 shows the theoretical data plotted along side with the
experimental results of the facet reflectivity, of the shallow etched tilted waveguides, as a
function of 6.
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Fig. 5.18 The end facet power reflection coefficient of a GaAs/GaAlAs waveguide

as a function of the facet tilting angle 0. The waveguide rib width and etching depth

were 2 um and 0.35 um, respectively. The etched slabs thickness is well above the
cut-off thickness of the fundamental mode.
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The last set of rib waveguides was intermediate between the first two sets, with an etch
depth of 0.65 um. In this set the adjacent waveguide slabs were just above the cutoff
thickness. The propagation losses of the untilted 2 um single mode waveguides were
measured to be 3.46 dB.cm-1 with a standard deviation of 0.5 dB.cm-!. Fig. 5.19 shows
the power reflection coefficient as a function of 0. The decaying oscillation in the facet
reflectivity is thought to be due to the combination of the two effects seen in the first two
sets of waveguides. In Fig. 5.19, resonant cavity effects are clearly suppressed at a facet
angle greater than 3°.
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Fig. 5.19 The end facet power reflection coefficient of a GaAs/GaAlAs waveguide
as a function of the facet tilting angle 6. The waveguide rib width and etching depth
were 2 mm and 1.13 mm, respectively. The etched slabs thickness is close to the
cut-off thickness of the fundamental mode.

5.7.4 Conclusions:

We have found that the propagation loss was larger for deeply etched waveguides. This
was due to the increase in scattering loss from the roughness in the sidewalls of the
waveguide, where the overlap integral between the optical guided light and the sidewall
roughness was greater.

The facet reflectivity of GaAs/GaAlAs single mode rib waveguides was measured as a
function of the tilting angle 8 between the longitudinal axis of the waveguide and the
normal to the facets and also as a function of the lateral optical field confinement. The lateral
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optical confinement was controlled by changing the etching depth of the waveguide adjacent
slabs (i.e. rib height).

We have seen from the experimental results, that the facet reflectivity of the single mode
waveguide changes dramatically with the facet tilting angle as well as the lateral optical
confinement of the waveguide. In other words, the mirror reflectivity of the waveguide end
facets was a strong function of the waveguide parameters and the consequent modal

parameters.

5.8 Tunable Laser Systems:

A laser usually consists of a gain medium enclosed within an optical resonator. The optical
radiation circulating inside the resonator is confined to well defined modes, characterised by
the field distribution transverse to the laser beam propagation direction. The laser output can
be confined to operate in the most fundamental transverse mode (TEM mode) by inserting
an aperture or careful alignment of the resonator.

The laser resonator is a closed optical loop and a standing wave is established where an
integral number of half wavelengths fit into the cavity, ensuring a node at each mirror.
Considering the cavity by itself for the moment, an infinite number of discrete longitudinal
modes may exist for this single TEMgo transverse mode. The longitudinal resonance
condition for any optical cavity is:

_ A
L=n% n=123, ..
or equivalently
=C _ ¢
YTRTa

where L is the optical cavity length, A is the optical wavelength v is the optical frequency, ¢
is the speed of light and n is an integer.

Hence, the frequency separation between two adjacent output frequencies is Av=c/2L. Thus
the optical cavity support laser action at every wavelength for which the optical path is an
integral number of wavelengths in length. The actual oscillating frequencies are those for
which the unsaturated gain is larger than the intracavity losses. Fig. 5.20 shows the axial
modes with a gaussian distribution of the mode amplitude.

121



. En

! \Y

Fig. 5.20 Gaussian spectral amplitude distribution imposed on the longitudinal
modes of a resonator.

Single frequency operation can be obtained, generally by using intracavity optical elements,
when all the axial modes but one have been suppressed.

In the early stage of this project a CW tuneable dye laser was used, this was replaced later
by a Ti:sapphire laser. The later laser system was mode-locked and used in the nonlinear
resonant experiments. The nonlinear nonresonant experiments were performed by using a
colour-centre laser (KCL:T1 ), at St. Andrews University. In the following sections, the dye
and Ti:sapphire laser systems are described.

5.8.1 Dye Laser System:

The dye laser resonator (Spectra-Physics Model 375B) consisted of three mirror-folded
cavity. A fourth mirror focuses the incoming pump laser beam (Ar*-ion laser) into a high
velocity horizontal dye jet, as shown in Fig. 5.21. The dye is in liquid solution form and
pumped through a nozzle so as to form a thin and flat jet oriented at Brewster's angle with
respect to the intracavity beam to minimise intracavity reflection losses. Upon excitation
with the intense pump beam, a population inversion between ground and first excited state
of the complex organic dye molecules is achieved. The dye solution then act as a gain
medium for amplification of the spontaneous emission (fluorescence) of the dye molecules
returning to the ground state. Since this relaxation occurs into the quasi continuum of
ground state vibrational levels, the fluorescence has a continuous character and laser action
can be obtained over a broad wavelength range. A tuning element was inserted in the
intracavity space near the output coupler. It consisted of three birefringent plates of
crystalline quartz tilted at Brewster angle. The dye laser linewidth was ~60 GHz. The
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output beam depends greatly on the characteristics of the pump beam, which should be
TEMy and vertically polarised.

Pump focus

High
reflector

Dye stream
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Output Fold mirror

coupler

Fig. 5.21 Three mirror-folded cavity of a dye laser.

The dye used in this work was styryl 9, and pumped with a 5 watt all-lines Ar*-ion laser.
The spectrum range of the laser was from 824 nm to 865 nm, and scaned by a motorised
driver unit attached to the micrometer control of the birefringent filter. The laser output
intensity was checked over the spectrum and was found to be flat ~50 mwatt.

5.8.2 Ti:sapphire Laser System:

The Ti:sapphire laser resonator (Spectra-Physics model 3900) consisted of a four mirror
folded cavity, as shown in Fig. 5.22. The gain is obtained by having a high inversion
density and sufficient length of Ti:sapphire material. A high inversion density comes from
having a high pump intensity and a high Ti3+ ion concentration.

A high inversion density over the entire volume of the Ti:sapphire rod (several millimetres
in diameter) is difficult. Therefore, the pump light was focused to a narrow line within the
rod and the oscillating laser mode was similarly focused and overlapped within the same

volume.

However, unlike the typical dye laser, in which the pump light illuminates a thin dye stream
at a small angle of incidence, the pump illumination in the Ti:sapphire laser must be
collinear to the cavity mode over a relatively long length of the laser rod. If the typical three-
mirror cavity of the dye laser, Fig. 5.21, was used with the Ti:sapphire laser, the pump and
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cavity modes would overlap at one of the fold mirrors, making laser alignment difficult.
Therefore an additional collimated leg was used in the model 3900 laser and the remaining
pump beam was dumped through one of the fold mirrors.

Two mirrors for

polarisation rotation Argon ion laser

Outout | Pump flat , & ,
utput coupler i MR At
mirror focus

Laser
output

mirror
P

,:-,;::::g:i":':: @ o
Birefringent High
filter reflector

Pump beam  Fold mirror
dump

Fig. 5.22 A four mirror-folded cavity of a Ti:sapphire laser.

The Ti:sapphire laser was pumped with a 5 watt all-lines Ar*-ion laser (Spectra-Physics
model 2016). The emission spectrum of the laser was from 660 nm to 1100 nm, five sets
of mirrors can be used to cover the whole spectrum. In our experiments, the middle set of
mirrors was used which cover the range from 800 nm to 900 nm. A three birefringent
plates were placed close to the high reflecting mirror, at Brewster angle. The output power
of the laser was ~800 mwatt, this was deteriorate with time to ~250 mwatt due to the
contamination of the mirrors and rod surfaces. Therefore a regular cleaning of these
surfaces, with a microscopic grade methanol, was required.

5.9 Ultrashort Pulse Laser System:

In the previous section, we have seen that lasing action takes place at discrete longitudinal

modes separated in frequency by:

Each oscillating mode is independent of any other and the output of the laser fluctuates in
time as the modes interfere in a random manner due to perturbations within the gain
medium. By forcing the modes to maintain a fixed phase relationship, the output becomes
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periodically modulated as a train of short pulses, each separated by the round trip time of
the cavity (2L/c). The laser is then said to be phase locked or more commonly, mode-
locked [24,25]. Mode-locking may be accomplished by periodically modulating the cavity
losses or the gain, which creates sidebands on each of the cavity modes. If the modulation
period concides with the cavity round trip time, the sidebands will overlap with the adjacent
cavity modes and injection locking effects lead to strong mode coupling and cause phase-
locking of the longitudinal modes. The duration of each pulse and peak intensity, depends
on the number of modes N that are phase-locked.

From simple fourier theory, the duration of mode-locked pulses, Tp, is inversely
proportional to the oscillating bandwidth dv:

_ B
TP—E

where B is a constant and depends on the exact shape of the pulse.

The production of short optical pulses by means of laser mode-locking, requires the
insertion of an external element into the laser resonator. The external element initiate and
maintains the proper coupling between the axial modes. If the mode-locking device must be
driven by a source of energy external to the laser, the method is called active mode-locking.
If no other energy than the energy available in the laser oscillator is required, then the
method is called passive mode-locking.

5.9.1 Active Mode-Locking:

Active mode-locking can be obtained by intracavity loss or gain modulation or frequency
modulation [24,26]. These techniques are briefly outlined below.

5.9.1.1 Acousto-Optic Loss Modulation:

The acousto-optic AO modulator is the most widely used intracavity loss modulator, and
based on the diffraction of light by ultrasound wave [27]. Fig. 5.23 shows a schematic
diagram of an AO modulator, a radio frequency RF signal is applied to the transducer
attached to a crystal of quartz. An ultrasonic standing wave is set-up in the crystal
modulator due to the refractive index variations, which cause a diffraction of the incident
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light. Twice every RF period, the standing wave collapses and the modulator then appears
as a low loss element within the cavity. Thus the AO modulator acts as an optical shutter.

Ultrasonic
standing wave

Laser beam

Transducer

supply

Fig. 5.23 Schematic diagram of an AO modulator, a RF signal is applied to the
transducer attached to the quartz crystal.

By setting the RF frequency to half the inter-mode spacing Av of the resonator, mode-
locking of the laser can be thought to arise due to the shutting action (in time domain) or
due to generation of the sidebands at the cavity mode spacing (in frequency domain ). The
degree of mode-locking is a function of the diffraction efficiency and can be enhanced by
increasing the RF power.

5.9.1.2 FM Mode-Locking:

Frequency modulation FM of a laser may also be used to produce mode-locked pulses [28].
An FM modulator, such as an electro-optic phase modulator, will generally cause the
circulating radiation to receive a doppler shift proportional to d¢/dt where ¢(t) is the
intracavity phase modulation. Successive passes through the modulator eventually push the
energy outside of the gain bandwidth. If the laser pulse passes through the modulator at a
stationary point in phase, then no doppler shift is imparted and the modulator appears
transparent,as shown in Fig. 5.24. Note there are two stationary points which cause an
uncertainty in the mode-locked pulse position and may result in double pulsing and
instability.
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Fig. 5.24 FM mode-locking, the intracavity phase modulation achieved by the use
of an electro-optic modulator.

Since the mode-locking is achieved by external means, the above methods enable the central
wavelength of the laser output to be tuned over most of the gain bandwidth whilst still
retaining mode-locking. However, a laser actively mode-locked by either of these
techniques, is very sensitive to cavity length fluctuations.

5.9.1.3 Mode-Locking by Synchronous Pumping:

Synchronous pumping is a method of gain modulation where a mode-locked pump laser is
used to mode-lock another laser at the same repetition rate [29,30]. This modulation
technique requires precise matching of the laser and pump optical cavities length such that
the laser and pump pulses overlap both temporally and spatially inside the gain medium.

5.9.2 Passive Mode-Locking:

Passive mode-locking can be obtained by including a saturable absorber in the laser
resonator [25,31]. With sufficient pumping, a relatively intense burst of spontaneous
emission from the CW pumped gain medium causes the absorber to saturate or bleach and
so is able to experience a net gain. This noise burst rapidly becomes shorter in duration and
higher in intensity, forming a well defined shape and becomes a mode-locked pulse.

The cavity length of a laser mode-locked in this way is relatively of minor importance
(mode-locking is independent of the cavity period) and so length fluctuations are much less
critical. A disadvantage with this method is that the output wavelength is fixed, and is
determined by the absorption peak of the saturable absorber.
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5.9.2.1 Coupled Cavity Mode-Locking:

This technique involves the use of an intensity dependent nonlinear medium inside a second
external coupled-cavity. By optically coupling the two cavities, a pulse initiated inside the
laser cavity will pass into the coupled-cavity and undergo an intensity-dependent phase
shift. When it is fed back into the laser the pulse interferes with the residual pulse
resonating in the cavity. By appropriate matching of the phase delay between the laser and
coupled-cavity pulses, pulse shortening in the main laser may be realised [32].

5.9.3 Ultrashort Pulse Measurement Techniques:

The most direct and simple way of measuring ultrashort pulses is to use a photodiode and a
sampling oscilloscope. This method is generally limited by the rise time of the detector
head. The other technique with the best temporal resolution is by using a nonlinear second
harmonic autocorrelator, which has enabled the measurement of compressed pulses ~6 fsec
in duration [33]. This technique is described in the following section.

3.9.3.1 Second Harmonic Autocorrelation Technique:

The autocorrelation technique is the most common method used for determining pulse
width characteristics on a femtosecond time scale. The technique effectively translates
differences in optical path length into time, by taking advantage of the fact that the speed of
light within a given medium is constant.

The basic optical configuration is similar to that of a Michelson interferometer. An incoming
pulse train is split into two beams of equal intensities. An adjustable optical delay is
imparted to one of the beams and the two beams are then recombined within a nonlinear
crystal for second harmonic generation. The efficiency of the second harmonic generation is
proportional to the degree of pulse overlap within the crystal. Monitoring the intensity of
the SHG as a function of delay between the recombining pulses produces a correlation
function directly related to the pulse width.

Two types of autocorrelation configurations are possible. In the first type, as shown in Fig.
5.25a, the two beams are recombined in a collinear fashion. This configuration results in an
autocorrelation signal on top of a constant DC background. The background is produced by
the SHG light result from the portions of the scan during which the pulses are not
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overlaped. In the second type, as shown in Fig. 5.25b, the two beams are displaced from a
common optical axis and recombined in a noncollinear fashion [34]. In this configuration,
the background is eliminated because the SHG is generated only at the point where the two
beams intersect (correct phase matching conditions).

Oscilloscope

] Mirror  Polariser

S A KDP N
< Photomultiplier
= —}—= 4 UV tube
—F— ¥=Polariser Filter

(@)
5 Retroreflector Oscilloscope
é KDP
g — 3G Photomultiplier
§ BS W tube

filter
(b)

Fig. 5.25 Schematic diagram of a second harmonic autocorrelation, a) collinear b)

collinear.

The path length of the two beams were approximately equal, and one of the arms comprises
of a retroreflecting corner cube (or flat mirror) mounted on a vibrator driven by a sine
waveform. The other reflector was mounted on a translation stage. The two beams were
then focused into a crystal, “pohtassium dihydrogen phosphate (KDP)” and the SHG signal
was detected using a photomultiplier tube with an optical filter to prevent any of the

fundamental signal from being detected.

The relation between the correlation width At and the full width at half maximum FWHM of

the laser pulse 1p is:

At
Tp=—k—

where k is a constant depending on the actual shape of the pulse. Table 1 gives values of k

for some standard pulse shapes.
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Table 1: Standard Autocorrelation Functions

Pulse shape Intensity profile k parameter
Square 1 tse2 1
0 "t'>tp2
2
. exp-— 41n2t V2
Gaussian ‘;i
Hyperbolic(sech?) sech2(1.76t/tp) 1.55

5.10 Mode-Locking of the Ti:Sapphire Laser:

Two techniques were employed to mode-lock the tuneable Ti:sapphire laser available in the
Department, firstly by using the nonlinear coupled cavity mode-locking and secondly by
using FM mode-locking.

5.10.1 Nonlinear Coupled-Cavity Mode-Locking:

A schematic diagram of the set-up used to mode-lock the Ti:sapphire laser is shown in Fig.
5.26. It consisted of two cavities, the Ti:sapphire laser main cavity and an external cavity
with an optical fibre called the control cavity. The control cavity consisted of a beam splitter
that reflected a portion of the main cavity laser output power into the nonlinear external
cavity. The reflected beam was coupled into a single-mode (4.5 pm core diameter) non-
polarization maintaining optical fibre using an antireflection-coated lens. The output optical
beam was coupled back to the fibre using a peizoelectric mirror mounted on a translation
stage.

The operation of the external-cavity mode-locked laser can be understood either in the time
domain [35,36] or in frequency domain [37,38]. When a pulse from the main laser is
coupled into the external optical fibre, it experiences an intensity-dependent phase shift and
will interferometrically recombine with the pulse in the main laser cavity. When the relative
phases are set appropriately, the peak of the pulse constructively interfere, while the wings
of the pulse destructively interfere.

This model for the pulse shaping has been termed as additive-pulse mode-locking [35,36].
Alternatively in the frequency domain, self-phase modulation in the external fibre feeds
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back a spectrally broadened pulse, which couples to the longitudinal modes of the laser.
This model has been termed as coupled-cavity mode-locking [38].

—=— Control cavity ———™

Optical
fibre

High reflecting
mirror

Output coupler
Laser output Fold
5 - E Ti:sapphire mirfor
BS :
Sa
(o]
g8 P Detector P
8 + 7
% g oo
Reference i Fold mirror Bir ef'fingem High
signal filter reflector

Fig. 5.26 Schematic diagram of the coupled-cavity mode-locked Ti:sapphire laser,
the main laser cavit is formed of the four-folded mirrors and the nonlinear cavity is
formed of the output coupler-BS-optical fibre-PZT mirror. The two cavities are
interferometrically matched.

Pulse formation is possible if the laser is seeded with sufficient intensity to induce the
nonlinear pulse shortening process. Possible mechanisms for self-starting in the Ti:sapphire
laser are the longitudinal mode beating and the self Q switching induced by the external
cavity. In a standing-wave cavity, spatial hole burning causes several longitudinal modes to
lase and full amplitude intensity oscillations can be observed. Theoretical studies have
shown that an external cavity can produce Q switching [39] and thus yield high intensities.

Since feedback from the nonlinear external cavity is interferometric, the relative lengths of
the main cavity and the external cavity must be stabilized to within a fraction of a
wavelength. This can be obtained by using an electronic circuit that monitor the laser output
power and control the piezoelectric translator on the control cavity. The circuit was similar
to that employed for stabilizing the soliton laser [40]. The relative phase of the two cavities
can be adjusted by changing the set point for the feedback circuit.
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Results:

The Ti:sapphire laser was pumped with a 5 watt Ar*-ion laser (all-lines), the cavity length
was 67 cm and the output coupler transmission was 8%. In the control cavity, the length of
the fibre was 30 cm and the coupling efficiency to the fibre, using endfire coupling, was
around ~40%. The two cavities were roughly phase matched by moving the translation
stage of the control cavity end mirror.

A great efforts were spent to mode-lock the Ti:sapphire laser with this method, but without
success. Later it was found that the output of the laser (without the control cavity) was
highly multi-mode. This was due to the pump laser intensity profile was TEMp1, which
caused by the low pressure of the Ar*-ion laser tube. Therefore, the interferometeric
interference between the beam coming from the control cavity (TEMgg) and the main cavity
(multi-mode) was very poor.

5.10.2 FM Mode-Locking Technique:

A phase modulator made of a MgO:LiNbO3 crystal was used. The crystal was 12 mm long
and the facets were cut and polished at Brewster angle (Isle Optics). At Megahertz operating
frequencies, the crystal can be used as a capacitive element in resonant LC circuit, as shown
in Fig. 5.27. The resonance frequency of the circuit can be adjusted by the appropriate
choice of the inductance L, (w=1/LC). The RF power supply was (Isle Optics) oscillated at
a fixed frequency of 76 MHz and was coupled into the LC circuit through a second
inductive coil. The electric field was applied along the crystal axis to produce a time-varying
refractive index by exploiting the r13, and r33 electro-optic coefficients [41].

50 Qcoaxial cable

RF
signal

om— Phase modulator
) ——  crystal

Resonating
coil

Fig. 5.27 Equavlent circuit diagram of a phase modulator.
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The modulation efficiency of the crystal was tested , at Strathclyde University, by passing a

He-Ne laser beam (?i=0.633 pm) through the modulator and observe the carrier and

generated FM sidebands. This was achieved by using a scanning confocal interferometer

driven by a ramp signal, as shown in Fig. 5.28.

R.F. Synthesiser

Ramp
generator* Trigger Oscilloscope
R.F.
Amplifier
He-Ne laser Phase Confocal Detector
modulator scanner

Fig. 528 Phase modulator characterisation using a scanning confocal

interferometer.

The generated sidebands and the drive ramp signals of the interferometer are shown in Fig.
5.29.

Fig. 5.29 Generated FM sidebands (lower trace) induced by the phase modulator

and the ramp signal (upper trace) which drive the confocal interferometer in Fig.
5.28.
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The modulator was placed inside the Tiisapphire laser cavity, close to the high reflecting
mirror, at Brewster angle. The alignment of the crystal was obtained by using an x, y and
rotation axis mount. Because the RF frequency of the power supply was fixed at 76 MHz,
mode-locking was made possible by tuning the laser cavity length. This was achieved by
mounting the high reflecting mirror on a translation stage with a micrometer controller. The

Tiisapphire laser cavity extended to 1.97 m.

Fig. 5.30a shows a train of pulses of the mode-locked output of the laser observed by
using a fast detector and a 2 GHz sampling oscilloscope. The repetition time of these pulses
was 13 nsec, 76 MHz. We were not able to measure the pulse width using the SHG
autocorrelator, due to the limited scanning displacement of the vibrating mirror of the
interferometer. But from autocorrelation measurements in an integrated waveguide, the
pulse width was estimated to be -50 psec, as described in section 6.3.1. Using the fast
detector, the pulse width was around 200 psec, as shown in Fig 30b. This was due to the

limited rise and fallen time of the detector.

MGHHV

(a) (b)

5.30 The output pulses of the actively mode-locked Ti:sapphire laser traced using a
fast detector and 2 GHz sampling oscilloscope,; a) Train ofpulses with a repetion
rate of 13 ns. b) Intensity profile ofindividual pulse.

5.11 Coupled-Cavitv Mode-Locked Colour Centre Laser:

A coupled-cavity mode-locking was used to produce ultrashort pulses [42,43]. This
technique is similar to that described in section 5.9.2 for mode-locking the Ti:Al203 laser.

An optical feedback from a control cavity appended directly onto the main cavity, the
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control cavity incorporated an optical fibre which provided pulse compression through the
effect of SPM in the fibre. Two different configurations for the coupled-cavity can be used,
either a Michelson cavity configuration or the more common Fabry-Perot arrangement [43].
A CCML colour centre laser was available at St. Andrews University, Department of
Physics. This system was used for all our nonresonant nonlinear experiments, below half
the band gap of GaAs/GaAlAs waveguide structures.

Fig. 5.31 shows a schematic diagram of the laser system, it consisted of a KCI:T1 colour-
centre laser excited in a noncollinear geometry by a CW mode-locked Nd:YAG laser. the
pump laser operated at 1.06 pm and was actively mode-locked by an intracavity acousto-
optic loss modulator at 82 MHz. This frequency corresponds to a cavity round trip time of
=12 ns and a cavity length of =1.83 m. The pump intensity was =2 W and the laser was
vertically polarised, using a Brewster loss plate which selected vertically polarised modes.

CWMODELOCKED Nd:YAG PUMP

KCI:T1 M1

BRF M3

OUTPUT

M2

M6

Optical fiber M7

M9 (PZT) H O 40 "
~—-

Fig. 5.31 Schematic diagram of a coupled-cavity mode-locked KCI.TI coulor centre
laser in a nonlinear Fabry-Perot configuration; M's: mirrors, BS: beamsplitter,
BRF: birefringent filter.

The optical path lengths of the nonlinear external cavity, M5-BS-M6-M7-M8-M9, and the
linear main laser cavity, M1-M2-M3-M4-M5, were the same. The interferometeric matching
of the two cavities was achieved by mounting the back mirror, M9, on a peizoelectric
mount and a transilation stage. An electronic feed back loop, circuit was used to maintain
the phase matching of the two cavities. M5 was a 12% output coupler and the beamsplitter
BS was 63% reflecting, i.e 37% was transmitted into the nonlinear cavity. The fibre length

was 33.5 cm, and the coupling efficiency to the fibre was =60%. The laser was tunable
from 1.51 pum to 1.54 um.
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Ultrashort pulses were generated at wavelength A=1.52 |im with pulse width xp=330 fsec
at a repetition rate of 82 MHz. The average power from the laser was =65 mW (i.e. =2.33
KW peak power). The pulse width was measured using a SHG autocorrelator, described in
section 5.9.3. The linewidth of the laser was scanned by using a monochrometer, 4\~&
nm at FWHM. Fig. 5.32 shows the pulse width and linewidth of the KCI:T1 coupled-cavity
mode-locked laser. The laser pulse width without the nonlinear coupled cavity was 30 ps

with the same average power as that of the coupled cavity.

N ————8 nm

1.518 pm

Fig. 5.32 Intensity autocorrelation (left) and corresponding spectrum (right) for the

coupled-cavity mode-locked KCI.TI coulor centre laser operated at a wavelength of
1.52 pm.

5.12 Conclusions:

In this chapter the fabrication details of GaAs/GaAlAs active and passive optical devices
were described, this included photolithography, ohmic contacts and dry etching techniques.
The linear propagation losses in straight waveguideswere measured using the Fabry-Perot
method. These studies showed that the propagation loss is sensitive to the waveguide rib
width and etching depth and is dominated by the scattering loss due to the sidewalls
roughness of the rib waveguide. Also the end facet reflectivity of these waveguides was
fully characterised as a function of the waveguide and the guided mode parameters. The
facet reflectivity was a strong function of the waveguide tilting angle with respect to the
waveguide longitudinal axis. In the last sections of this chapter we discussed the active and
passive mode locking techniques of high power lasers. The laser systems used during the
course of this project were described, these were: a CW dye laser, CW and mode locked

Ti:Aho3 laser and the coupled-cavity mode-locked KC1:T1 colour centre laser.
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Chapter 6

Nonlinear Characterisation of GaAs/GaAlAs
Waveguides

6.1 Introduction:

The nonlinear optical properties of semiconductor materials are highly dependent on the
regime into which the operating wavelength falls. Operation at photon energies well below
the material band gap is often desirable because the linear absorption loss is quite small.
The contributions of the lattice and free carriers to the nonlinear index change of the material
have a fast recovery time well below the femtosecond regime. These nonresonant
nonlinearities are weak and relatively high power density is required even over a long
interaction length. Therefore, the use of the nonresonant nonlinear effects in all-optical
switching devices with fast recovery time may require a relatively high intensity to achieve
the required phase change within a workable interaction length of the device.

If the operation wavelength is allowed to reach or exceed the absorption threshold, the
optical nonlinear effects in semiconductors (known as the resonant nonlinearity) can be
enhanced through a variety of mechanisms arising from the optically induced changes in the
free-carrier population. These mechanisms, as discussed in section 2.3, include band
filling, plasma screening and band gap renormalisation [1-3]. The relatively large optical
nonlinearities near a semiconductor band gap are attractive for producing lower power or
more compact optical switching devices with the capability of integration or packaging with
other optoelectronic components.

Studies of the resonant and nonresonant optical nonlinearities provide essential information
for the development of optical switching devices. In particular, measurement of the
nonlinear index nj is critical for assessing potential applications of all-optical switching

devices.

The refractive index and absorption of a semiconductor can be perturbed through other
mechanisms, e.g. applying an electric field perpendicular to the semiconductor epitaxial
layers [4]. The electric field induced changes in the optical properties of semiconductors are
described in section 2.4. The idea of studying the electro-refractive and absorptive effects,
in GaAs/GaAlAs QW waveguides, was to combine these effects with the resonant
nonlinear effects in QWs for designing fast all-optical switching devices with a larger
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switching depth. These devices are based on the nonlinear integrated Mach-Zehnder
interferometer and directional coupler.

In the previous chapter the linear optical properties of GaAs/GaAlAs heterostructure stripe
waveguides were examined at photon energies below the material band edge. These
measurements were vital in designing stripe waveguides with low linear propagation
losses. This chapter is divided into two main sections. Firstly, the nonlinear optical
properties of GaAs/GaAlAs single and multiple quantum well stripe waveguides were
investigated at photon energies close to and above the material band edge. This involved the
measurements of the saturation of the photo-absorption and -refraction nonlinear effects in
single and multiple quantum well waveguides. Also the relaxation time of the resonant
nonlinearity has been studied. The electro-refractive and -absorptive effects in p-i-n
quantum well waveguides were investigated.

Secondly, the nonresonant nonlinear effect in GaAlAs stripe waveguides was investigated
at photon energies below half the material band gap. This involved the measurement of the
nonlinear refractive index coefficient np using self-phase-modulation SPM effect in
GaAlAs stripe waveguides, and the two-photon absorption TPA coefficient 3.

6.2 Design Considerations of GaAs/GaAlAs QW Waveguides:

The engineering design of GaAs/GaAlAs quantum well materials play an essential rule in
determining the size and the speed of the recovery time of the resonant nonlinearity. The
materials used in this project were, GaAs/GaAlAs single and multiple quantum wells,
described in section 4.3.

The resonant optical nonlinearity in GaAs/GaAlAs waveguides can be enhanced by using
the advantage of the excitonic effects in quantum wells, as described in section 2.3.2. This
was achieved by placing the single or multiple quantum wells in the guiding region. The
size of the resonant nonlinearity depends on the number and the place of these QWs in the
guiding region.

The absorption coefficient of the quantum well waveguides, close to the band edge,
increases dramatically with the increase in the number of the QWs. Therefore in considering
the required length of the all-optical switching devices there is a trade-off between the size
of the nonlinearity and the number of the quantum wells in designing GaAs/GaAlAs
quantum well structures.
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In single quantum well SQW waveguides, the absorption coefficient, close to or even
above the excitonic resonant peaks, is small compared to that of the multiple quantum well
MQW waveguides. This allows us to design longer all-optical switching devices, like the
integrated Mach-Zehnder interferometer and directional coupler. Also the SQW materials
may show a strong excitonic resonance with narrow linewidth, in contrast with the MQW
materials which may possibly show a broader excitonic peak due to the fluctuation in the
thicknesses from one well to another.

The recovery time of the resonant nonlinearity is a focal point in the engineering design of
quantum well waveguides for resonant all optical switching devices. Therefore it is vital to
do a quick survey of the techniques used, in literature, to improve the recovery time of the
resonant nonlinearity.

6.2.1 Relaxation Time Of Resonant Nonlinearity:

The response times of all-optical switching devices employing resonant optical
nonlinearities in semiconductors are governed by the temporal and spatial dynamics of the
photogenerated carriers. The switch-up time is inherently governed by the temporal shape
of the excitation pulse, however the recovery time depends on the speed at which the
carriers are removed. Normally the recovery time is limited by the recombination rates (both
radiative and non-radiative) or the rate at which carriers leave the waveguide through
transport (drift and diffusion ). The nonradiative recombination involves the annihilation of
e-h pair and generation of phonons which go to the lattice in the form of heat. The non-
radiative recombination lifetime in a thin semiconductor layer (e.g. QWs) may not only be
determined by the recombination parameters of the material in the layer itself, but also
dominated by surface recombination.

For a semiconductor layer of thickness d sandwiched between two surfaces labelled 1 and
2, the effective recombination lifetime is [5];

% 2 6. 1)

where s1 and sy are the property of each of the surfaces known as the recombination
velocity. The recombination velocity of GaAs-air interface is typically very high (5x103
cm/sec) [6], therefore any carriers which diffuse to such a surface will rapidly recombine.
In GaAs/GaAlAs interface the recombination velocity is much smaller, 53 cm/sec measured
for a GaAs/Gag g5Alp.35As interface [5]. From Eq. (6.1), the effective recombination
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lifetime of the photogenerated carriers depends on the layer thickness, therefore 7T is shorter

in quantum wells than in thick layers produced by the same epitaxial growth system.

In GaAs, the time for carriers to recombine is typically 10 ns and of the order 5 ns in
GaAs/GaAlAs MQWs [7]. In devices with a waveguide geometry, the carriers can diffuse
sideways due to the high concentration gradient with a time constant around 1 ns [8]
depending on the waveguide geometry. Proton bombardment of the MQW material speed
the material recovery time into the 100 ps range without destroying the exciton line and
hence the nonlinearity [9]. With the proton bombardment, the fast recovery time was due to
the creation of traps caused by dislocations in the crystal structure. The application of an
electric field perpendicular to the quantum wells is another way to reduce the relaxation time
of resonant nonlinearity. This was due to the rapid sweeping of the photogenerated carriers
out of the wells and the guiding region such that the recovery time reduced to 100 ps [10].
This is due to the tunnelling transport of the photogenerated carriers through the barriers of
the QWs caused by the electric field strength across the depletion region.

In this project, GaAs/GaAlAs QW structures were designed using two approaches (for fast
resonant nonlinearity), surface recombination and electric field effects.

An important distinction should be made regarding the relaxation time of the resonant
nonlinearity and the nature of the laser excitation. This is a vital role in determining the
character of the nonlinear effect. When the pulse length of the laser is shorter than the
recovery time of the nonlinear effect, then the effect is integrated over the duration of the
pulse so that the size of the net effect depends on the energy of the pulse. If the laser pulse
is longer than the relaxation time of the nonlinearity, then the effect is proportional to the
instantaneous intensity of the pulse. Therefore it is possible to distinguish between energy
dependant and intensity dependant nonlinear effects.

6.3 GaAs/GaAlAs Single Quantum Well Materials:

Two GaAs/GaAlAs SQW materials were used during the course of this project, these were
undoped A187 grown by MBE and p-i-n QT147 grown by MOCVD. The first wafer was
designed to investigate the fast recombination lifetime of the photo-generated carriers via the
semiconductor-air interface surface recombination process. In the second wafer, the electric
field induced changes in the optical properties of the QW semiconductor material were
studied to be used alongside the resonant nonlinear optical properties of QWs.

144



.3.1 Undoped GaAs/GaAlAs Single Quantum Well Waveguides;

A187 GaAs/GaAlAs SQW material grown by MBE was used. The epitaxial layers are
described in section 4.3, all the layers were undoped. The SQW was a 100 A thick of GaAs
embedded in a 0.65 um thick of Gag 75Alp,25As guiding region. The SQW was placed only
400 A below the top surface of the wafer. As the top surface was within the diffusion
length of the photo-generated carriers, this enhanced the recombination time of these
carriers via the surface recombination [11].

Single mode waveguides of A187 SQW were designed using the NWAVE and FWAVE
programs, described in section 3.3. Fig. 6.1 shows the contour plot of the optical field of
the fundamental TE- and TM-modes (using the later program) at a wavelength of 830 nm.
The waveguide rib width was 3 um and etching depth 1.2 um. The price paid for placing
the SQW close to the top surface, to reduce the recovery time of the resonant nonlinearity
via the semiconductor-air interface recombination, was the requirement of higher power'
density to saturate the photo-refractive and -absorptive nonlinearity. This was due to the
smaller overlap integral between the SQW and the optical field. The SQW is very close to
the top surface and is not shown in Fig. 6.1.

-3 ym — j -3 M —
—_ - —— e
* 0.65 M
l.2rm ol i \\_///O, I.2¢}1m
TE-mode TM-mode

Fig. 6.1 The modal field distributions for the TE-mode in (a) and TM-modes in (b)
of the A187 SQW waveguide, calculated using the FWAVE program at a
wavelength of 830 nm. The waveguide rib width and height are 3 um and 1.2 um,

respectively.
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The Fabry-Perot method, described in section 5.7, was used to measure the linear
propagation loss in these waveguides at wavelength A=1.15 um. Assuming the waveguide
end facet reflectivity R=32%, the propagation loss was =17 dB/cm with a standard
deviation of 2.5 dB/cm. The high linear loss was due to the scattering loss from the
sidewalls roughness caused by the deep etching through the guiding region and over
growth defects.

6.3.1.1 Photo-Absorptive Nonlinear Effect Measurements:

At a photon energy close to or above the material absorption edge, the waveguide
propagation loss is dominated by the band gap absorption and exciton resonant transitions
of the quantum well.

The absorption spectrum of the single mode A187 SQW was measured for the TE- and
TM-modes. An end fire coupling technique was used to couple the light in and out of the
waveguide. The CW dye laser, described in section 5.8.1, was used. The output intensity
of the laser was checked over the spectrum (824 nm - 865 nm) and it was found to be flat
=65 mW. The wavelength of the laser was changed continuously by a motorised driver unit
attached to the micrometer control of the birefringent filter.

The laser was chopped at 1 KHz and the output transmission of the waveguide was
specially filtered, using a pinhole to eliminate the radiated modes and the scattered light
from reaching the detector, and focused onto a Si detector. A lock-in amplifier was used to
enhance the signal to noise ratio. The output signal was recorded in a chart recorder.

Linear Absorption Results:

Fig. 6.2 shows the output transmission of the TE-mode of a 3 pm rib width waveguide
with etching depth 1.2 pm. The sample length was /=2.55 mm. The input light intensity
was kept < 20 uW to avoid the saturation of the excitonic resonant peaks due to the
screening effect [12]. The transmission spectrum of the single mode waveguide shows two
troughs at photon energies 1.451 eV and 1.458 eV, these are referred to the hh- and lh-
exciton peaks of the SQW at room temperature.
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Fig. 6.2 Output transmission spectrum of the TE-mode of a 2.55 mm long SOQW
rib waveguide with rib width and height of 3 um and 1.2 um, respectively. The two
troughs at photon energies 1.451 eV and 1.458 eV referred to the large absorption
of the hh and lh excitons of the SQW, respectively.

The same measurement was repeated for the TM-mode, Fig. 6.3 shows the TM-mode
output transmission spectrum of the same waveguide. There is only one trough at a photon
energy 1.458 eV. This is attributed to the lh-exciton of the SQW, where the transition
strength of the hh-exciton is zero for the TM-mode [2].
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Fig. 6.3 Output transmission spectrum of the TM-mode of a 2.55 mm long SOQW
rib waveguide with rib width and height of 3 um and 1.2 pm, respectively. There is

only one trough at photon energy 1.458 eV due to the large absorption of the lh
exciton of the SQW.

147



Before we discuss these results, the output transmission arbitrary scale was calibrated to
give the absorption coefficient oi(cm-1) spectrum. This was achieved by recalling the

expression of the waveguide output transmission in Eq. (5.3) section 5.7. Ignoring the

multiple cavity reflections, the relationship between the transmitted intensity and the
waveguide propagation loss o (nepers per unit length) is given by;

I(L,A) = [y{l —R)"e-2L =] g2 (6.2)

Taking into account the wavelength dependence of the Si detector and the end fire system
transmission, the detected signal Ip can be written as;

I(L,A) =I(L,2).T,D (6.3)

where Tg is the transmission of the end fire coupling system and D is the detector
sensitivity.

A waveguide with a given length Ly was placed on the end fire coupling system, and
Ip(Lg,A) was measured over the whole spectrum for the TE- and TM-modes. The same

measurement was then repeated without the sample.
I,A) =1.T.D (6.4)
clearly Is and D can not be measured absolutely, but by dividing Ip(Lg,A) by Is(A) it is

possible to remove the system's wavelength dependence. Relative to some constant ct(Ag),
the absorption coefficient & (cm-1) can be calculated for both polarisations, thus;

a(d) = Aafd) + o) (6.5)

10 I,y A) I,(Lo Ap)
Aof}) = (- L—o).(log{ls(—x)] —|og[—m5—D (6.6)

The sequential cleaving technique, described in section 5.7.1, was used to measure a.(Ag).
The output transmission of a number of waveguides was measured in a sample with length
17=2.55 mm, then it was cleaved into two different lengths /2=1.1 mm and /3=1.45 mm The
output transmission of the waveguides in the respective samples was measured at A(. These
measurements were repeated at discrete number of wavelengths. Fig. 6.4 shows In(I)
versus waveguide length at four different wavelengths. The gradient of the best fit line is
equal to c.
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Fig. 6.5 shows the absorption spectrum of the TE-mode of the single mode GaAs/GaAlAs
SQW waveguide. The absorption coefficient o is in (cm-1). The solid line is a trace of the
calibrated results of the transmission spectrum, the open circles are the measured absorption
coefficients (cm-1) using the sequential cleaving technique at discrete photon energies. It
shows a good agreement between the calibrated and measured results. The same procedure
was used to calibrate the transmission spectrum for the TM-mode. Fig. 6.6 shows the TE-
and TM-modes absorption spectra, o(cm-1).

From the results of the absorption spectra of the TE- and TM-modes, it shows clearly the
highly polarisation dependent absorption of the SQW. The selection rule [2], explained in
section 2.3.2, predicted that the oscillation strengths of the hh- and lh-excitons of the TE-
mode are 3/4 and 1/4, and for the TM-mode are O and 1 respectively, our results agrees
with these predictions. Similar results were seen experimentally by Weiner et al [17].
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Fig. 6.5 Room temperature absorption spectrum for the TE-mode of A187 SQW
waveguide. The small squares are the calibrated absorption coefficient (cm1)
derived from the transmission spectrum results. The solid line is a trace for these
data points. The open circles are the measured absorption coefficient (cm1) using
the sequential cleaving method. The two results of absorption coefficient agree well.
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Fig. 6.6 Room temperature absorption spectra for the TE and TM modes of A187
SOW waveguide..

Nonlinear Absorption Saturation Results:

The intensity dependence of the absorption spectra for the TE- and TM-modes in the single
mode GaAs/GaAlAs SQW waveguides were investigated. The absorption spectrum
measurements were repeated, but this time at a high input optical excitation. The maximum
input power in the waveguide was =10 mW, taking into account the end facets reflectivity
(R=32%), coupling efficiency to the waveguide (y=50%) and the end fire objective lenses
transmission (T=90%).

Fig. 6.7 shows the absorption spectrum at low power (< 20 pW) and high power (=10
mW) for the TE-mode of the A187 SQW waveguide. The length of the sample was /=2.55
mm.

It is clear that the hh- and lh-excitonic peaks were not fully saturated. This was due to the
limited dye laser output power, the alternative way of saturating the absorption was to
cleave the sample to a shorter length /=1.1 mm. Fig. 6.8 shows the full saturation of the
absorption spectrum of the TE-mode. The same results were achieved for the TM-mode, as
shown in Fig. 6.9.
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Fig. 6.7 Room temperature absorption spectra for the TE-mode of A187 SQW
waveguide, at low (>200 W/cm?) and high (160 kW/cm?) excitation intensities. The

length of the sample was 2.55 mm. A partial saturation of the hh and lh excitons, at
high intensity, due to the photogenerated carriers
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Fig. 6.8 Room temperature absorption spectra for the TE-mode of AI187 SQW
waveguide, at low (>200 W/cm?) and high (160 kWi/cm?) excitation intensities. The
length of the sample was 1.1 mm. A complete saturation of the hh and lh excitons,
at high intensity, due to the photogenerated carriers.
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Fig. 6.9 Room temperature absorption spectra for the TM-mode of AI87 SQW
waveguide, at low (>200 Wicm?) and high (160 kW/cm?) excitation intensities. The
length of the sample was 1.1 mm. The saturation of the lh exciton, at high intensity,
was due to the photogenerated carrier

The change in the absorption spectrum due to the increase in the input light intensity for the
TE- and TM-modes are shown in Fig. 6.10 and Fig. 6.11 respectively.
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Fig. 6.10 Absorption coefficient change (cm1) for the TE mode of the A187 SQW
waveguide,derived from the results of Fig. 6.8. The maxima are at the hh and lh
excitonic peaks.
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Fig. 6.11 Absorption coefficient change (cm-1) for the TM mode of the A187 SQW
waveguide derived from the results of Fig. 6.9. The maximum change is at the lh
excitonic peak.

These results were derived from the absorption saturation measurements. A maximum
change in the intensity dependent absorption were at the SQW exciton transitions. For the
TE-mode, it was (Aa=8.4 cm-1) at the hh-exciton and (Aa=7 cm-1) at the lh-exciton of the
SQW. For the TM-mode, it was (Ad=14.4 cm-1) at the lh-exciton of the SQW. This was
due to the screening effect of the excitons caused by the photo-generated carriers. At photon
energies above the excitonic peaks, the change in absorption was nearly constant and it was
due to the band filling effect.

6.3.1.2 Photo-Refractive Nonlinear Effect Measurement:

The intensity dependent refractive index change in GaAs/GaAlAs SQW waveguides was
measured, using the external Mach-Zehnder interferometric set-up. This technique was
previously used to characterise semiconductor-doped glass [13] and demonstrated by Li-
Kam-Wa et al [14] who measured the nonlinear phase shift in MQW strain induced
waveguides.
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External Mach-Zehnder Interferometric Set-up:

Fig. 6.12 shows the experimental set-up used in these measurements. The laser source was
a CW Ti:sapphire laser, pumped by an Ar*-ion laser, described in section 5.8.2. The light
was linearly polarised and split into two beams by partial reflection off a beam splitter with
about 10% of the energy carried in the reflected wave. The transmitted beam was focussed
onto the cleaved input facet of the waveguides using a x40, 0.65 N.A. microscope
objective lens. An identical lens was used to image the output of the device onto an infra-
red C1000 Hamamatsu videcon camera. On the reference side, the beam reflected off the
beam splitter was also focussed onto the camera using a pair of microscope objectives, a
mirror and a 50/50 beam splitter. The microscope objectives in the reference beam allowed
to adjustment of the size and intensity of the reference beam to be comparable with that of
the waveguide output transmitted beam, by focusing and defocusing the laser beam spot.
The recombination of the two beams produced interference fringes which were observed on
the Hamamatsu camera. The angle at which the two beams met determined the fringe
separation and this was controlled by the position and angle of the beam splitter. This
layout was chosen to allow most of the power to be coupled into the sample. For a clear
and stable fringe pattern, mechanical stability in the interferometer was required. Therefore,
all the optical components were mounted on rigid mounts with the optical axis as close to
the bench top as possible =75 mm. Also the path difference of the two beams of the
interferometer should be kept within the coherence length of the light source (A2/2AM. ).

Electro-optic

modulator
p Sample
CW Ti:sapphire n M
laser .1
BS<> v
(R=10%) monitor
reference H NN
»1 camera

M beam é

Fig. 6.12 External Mach-Zehnder interferometric experimental set-up for refractive
index and absorption change measurements. M: mirror, BS: beam splitter, P:
polariser and R: reflectivity of the BS.
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The intensity distribution of the fringes pattern at the output beam splitter can be expressed

as;

I=L+1I2a) +2yp."/l2(a) cos(<t>(n)) (6.7)

where Ii is the intensity of the reference beam and D2 is the intensity of the transmitted beam
through the sample, which in general can be a function of absorption coefficient in the
sample. o (n) is the relative phase difference between the two beams which is a function of
the refractive index of the sample. Therefore, changes in the refractive index cause the
fringes pattern to move in position and changes in absorption cause the visibility of the
fringes to change. This means that the absorption and refractive index changes in the

sample can be measured.

Fig 6.13 shows a photograph of the interference fringes of the two recombined beams with

a scan of the intensity distribution of the fringes.

Fig. 6.13 A photograph of the interference fringes of the external Mach-Zehnder
interferometer and a line scan of their intensity profile. obtained by an infrard

camera.

156



Having obtained the interference fringes, the amount of power being coupled into the
waveguide was varied by using an electro-optic modulator and polariser. The modulator
was a commercially available mounted lithium niobate crystal which was driven by a high
voltage amplifier. Both components were produced by Electro-Optic Developments. This
enabled both D.C. and A.C. control of the polarisation of the light transmitted through the
crystal. By using this in conjunction with the polariser placed after the modulator, control
of the light intensity could be achieved without the need for any physical adjustment of
optical components thus eliminating beam misalignment problems.

The intensity dependent refractive index change in the waveguide produces a relative phase
difference between the two arms of the external Mach-Zehnder interferometer. This
intensity dependent phase change results in a shift in the position of the fringes pattern. The
relation between the phase shift and the nonlinear refractive index nj can be derived as
follows;

Light travelling in a waveguide of length Lwith a phase propagation constant 3 experience a

net phase shift ¢ given by;
L
0=[pd (6.8)
0
B=kn,_= 2n (69)

c n ¢
0 Ay
where A is the free space wavelength and n. is the effective refractive index.
The intensity induced change of phase at the output of the waveguide is;
L
6=k, [n,Idz (6.10)
0
In a lossy waveguide the intensity of the light propagating in the Z-direction decays as;
I=Ie ™ (6.11)

where ; is the incident intensity, which includes the coupling efficiency and the waveguide
facet reflectivity, and o is the intensity attenuation coefficient. Therefore, integrating over

the length of the sample, the total change in phase is;
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?\'0
where
1—e" %
L, = o

Relative Phase Change Measurement Techniques:

There are two different methods of measuring the phase change (i.e. fringe pattern shift ).
The simple, less accurate, method is by measuring the fringe shift through the Hamamatsu
camera. The method becomes less accurate when the relative phase change between the two
arms is small.

The more accurate method is to incorporate an electronic feedback loop into the
interferometer, to stabilise the fringes and also provides a more accurate way of measuring
a small fringe shift. The fringe pattern is expanded by a x40 microscope objective and
focused onto a bicell detector. It consists of two elements A and B which are initially
positioned as shown in Fig. 6.14(a). Firstly, processing the two signals in the form (A-
B)/(A+B) provides the fringe position signal. This signal is employed as an error signal
which is fed via a high voltage amplifier to a piezo-electric translation PZT mirror in the
reference beam. Any shift in the fringe position, due to the waveguide refractive index
change, cause a change in the error signal which drives the PZT mirror back or forth until
the error signal is zero. Secondly, processing the two signals in the form (A+B) provides
the change in absorption. The block diagram of this stabilisation circuit is shown in Fig.
6.14(b).

A calibration of the phase compensation of the PZT mirror was necessary at the end of each
experiment as a consequence of the hysteretic loop of the PZT with the change of the
polarity of applied voltage. Therefore an external voltage was applied directly to the PZT
amplifier, exactly the same as that provided by the feedback circuit (A-B)/(A+B). As the
external signal is applied, the fringe shift is monitored by one element A of the bicell
detector. The measured signal was sinusoidal and normalised between %1, the arc sine of
the measured signal gives the phase change A¢ as a function of the applied voltage.
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Fig. 6.14 a) The alignment of the bicell detector with respect to the interferometer
fringe pattern. b) A block diagram of the electronic feed-back loop circuit, the
(A+B) signal provides a measure of the fringe intensity change via the absorption
change in the sample in request and the (A-B)/(A+B) signal provides a measure of
the fringe position change via the refractive index change in the sample in request.

Experimental Results:

Fig. 6.15 shows the change in the refractive index for the TE-mode as a function of the
input light intensity at three different photon energies. The refractive index change An was
calculated from the measured fringe shift Ag;

An = Aq)%Lﬁ (6.13)

These measurements were achieved by using the Hamamatsu videcon camera. For photon
energies below or near to the excitonic peak (1.43 and 1.45 eV) , the intensity dependent
refractive index change exhibits a negative change in refractive index (electronic effect ),
passes through a minimum, and then rises linearly (positive thermal effect) with the
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increase in the input light intensity. The refractive index dependence on the input intensity is
attributed to the influence of competing thermal and electronic nonlinearities. Because the
electronic nonlinearity saturates, at the high input intensities, the dominant mechanism
underlying the refractive index change is thermal. At the zero change in the refractive index
the electronic effect equals the thermal effect. This is similar to behaviour which was
observed before in semiconductor-doped glass waveguides [13]. The value of the
unsaturated electronic refractive nonlinearity, np, was 1.4x10-8 cm2/W calculated from the
negative part of Fig. 6.15. This value is nearly an order of magnitude smaller than that
measured in MQW elastic waveguides, np=10-7 cm2/W, at photon energy close to the
exciton resonance [14]. The large value of nj in these elastic waveguides is due to the large
number of QWs, 25 wells.

For photon energies above the exciton peak (the 1.50 eV curve in Fig. 6.15) it is predicted
in [43] that the electronic part is positive at this photon energy and we did not observe a
negative refractive index change.
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Fig. 6.15 The change in the refractive index for the TE-mode in the A187 SQW
waveguide as a function of the CW input light intensity at different photon energies.
These measurements were obtained by using the external Mach-Zehnder
interferometric set-up.
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At larger power levels with significant CW changes in refractive index the effect is
dominated by the thermal mechanism. From previous observations [13] it is known that the
thermally induced refractive index effect tended to be equalised in the guides by thermal
diffusion thereby removing any differential phase shift; this is a relatively slow effect and
takes place on a several tens of nanosecond timescale (depends upon the device
configuration). Furthermore thermal effects are intrinsically slow to switch off.

The direction of movement of the fringe pattern due to the electronic and/or thermal effects

was investigated by monitoring the fringes shift direction while heating the sample with a
resistor (0.25 W) suspended above the sample (<1 mm).

6.3.1.3 Time Resolved Resonant Nonlinear Effects:

The recovery time of the resonant nonlinearity is limited by the recombination rate of the
photo-generated carriers. For usable application of the resonant nonlinearity for all optical
switching devices, the recovery time of the photo-generated carriers should be in the
picosecond or even femtosecond region. In this section the recovery time of the photo-
absorption nonlinear effect was investigated by using the pump-probe experimental set-up.

In this method two orthogonally polarised pulsed beams were used; one was the pump
beam (with high intensity) which causes the nonlinear effect and the other was the probe
beam (with low intensity) which measures the nonlinear effect.

The experimental arrangement is shown in Fig. 6.16, the laser source was an actively
mode-locked tunable Ti:sapphire laser, described in section 5.10.2. The laser output
consisted of a train of =50 ps pulses spaced by 13 ns with an average power =350 mW.
Therefore the pulse energy was approximately 5 nJ and a peak power =100 W.

Polariser beam splitters were used to split the laser beam into two beams pump and probe,
the split ratio of the two beams can be adjusted by rotating the polarisation of the laser using
a A/4 waveplate. A variable delay was introduced in the probe beam by use of a retro-
reflecting corner cube mounted on a linear translation stage. By adjusting the relative delay
between the pump and probe pulses, it was possible to measure the relaxation time of the
nonlinear effect to time scales as short as the pulse width but not to times greater than the
pulse repetition time. The probe beam was chopped at 1 KHz. Another polariser-beam
splitter was used to recombine the pump and probe beams, with orthogonal polarisations.
The probe beam was TE polarised and the pump beam was TM polarised. The two beams
were coupled through the waveguide using an end fire coupling rig. In the output side of
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the rig, the pump beam was separated (blocked) from the probe beam by using a polariser.
The transmitted probe beam was specially filtered (to eliminate scattered light and radiated
modes) and focused onto a Si photodiode which was connected to a lock-in amplifier. An
optimum input laser intensity was required to reduce optothermal nonlinear effects. This
was achieved by A.C. modulation of the laser light using a combination of an electro-optic
modulator and polariser, described in section 6.3.2.

Electro-optic

modulator \ P

Active Mode-locked Ti:Saphire Laser a
s,

Pump-Beam

Si-detector

robe-Beam
TE

Lock-in Amp. Delay line

Computer

Fig. 6.16 The pump-probe experimental apparatus, M's: mirrors, PIBS’s: polariser
beam splitters, P's: polarisers, A/4: quarter-wave plate.

Experimental Results:

The change in the probe beam output transmission as a function of the delay between the
pump and probe pulses was measured at photon energies ranging from 1.431 eV to 1.468
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eV. This range of energies covered the resonant excitonic transitions of the A187 SQW
material. A maximum change in the probe output transmission was achieved at the lh-
exciton resonance energy 1.458 eV. This is shown in Fig. 6.17, the change in the output
transmission of the probe was due to the saturation of the absorption of the SQW caused by
the pump beam.
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Fig. 6.17 The normalised probe-beam output transmission of the A187 SQW
waveguide as a function of the delay time between the pump and probe pulses. The
probe beam is TE polarised and is orthogonal to the TM pump beam. The photon
energy employed is 1.458 eV, the lh excitonic peak.

From these measurements, the recovery time (1/e) of the nonlinear absorption was 125 ps.
We believe the short recovery time is due to the reduction of the recombination time of the
photogenerated carriers caused by surface recombination, where the quantum well is only
40 nm from the surface of the material. The process may well be assisted by a built-in
electric field due to the depletion layer associated with the proximity of the surface. A
similar reduction in recovery time has been observed by other authors [10] by the
application of an electric field.
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6.3.2 p-i-n GaAs/GaAlAs Single Quantum Well Waveguides:

The second generation of SQW waveguides were p-i-n GaAs/GaAlAs heterostructure. The
design structure of QT147 SQW is shown in Fig. 4.4 in section 4.3. The SQW was 100 A
thick of GaAs embedded in a 0.6 um thick of Gag 75Alp25As guiding region. The intrinsic
region was 1 pm thick and sandwiched between the top (p-type) and bottom (n-type) of
Gag.71Alpg.29As cladding layers. The epitaxial layers were symmetrical around the SQW
which was placed in the centre of the guiding region.

Single-mode waveguides were designed in QT147 SQW material, the waveguide rib width
and height were 3 um and 2 pm respectively. This time the SQW overlap with the confined
optical field is at its peak, therefore less power may required to saturate the resonant
nonlinearity.

Passive waveguides were fabricated on QT147 SQW wafer. The rib widths W of these
waveguides were 2 um, 3 pm and 4 pm and the etching depth was 2.2 um. The length of
the sample was L=3.46 mm. The linear propagation loss in these waveguides was
measured at A=1.15 pm using Fabry-Perot technique. The facet reflectivity was assumed to
be equal in all the waveguides R=30%. The propagation loss for the W=2 um waveguides
was 18 dB/cm with standard deviation of 2.5 dB/cm, for W=3 um it was 15 dB/cm with
standard deviation 1.8 dB/cm and for W=4 um the loss was 14 dB/cm with 1.5 dB/cm
standard deviation. This clearly shows the increase in the scattering loss due to the
roughness in the waveguide sidewalls. As the rib width decreases, the overlap integral of
the confined optical field and the sidewall roughness increases and therefore the scattering
loss increases [15, 16].

Single-mode rib waveguides were fabricated with ohmic contacts on the top p-type and
bottom n-type faces. The etching depth was 2.2 um, this provided an electrical isolation

between the neighbouring waveguides and enhanced the lateral optical confinement.

In the following sections, the linear and nonlinear characteristics of QT147 SQW
waveguides were studied. This involved measurements of the electrical and optical fields
induced effects on the waveguide absorption and refraction for the TE- and TM-modes.

6.3.2.1 Transmission Spectrum Measurements of QT147 SQW Waveguides:

The transmission spectrum of the QT147 SQW waveguides was measured using the end
fire coupling system described in section 5.7.2. A CW tunable Ti:sapphire laser was used.
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Fig. 6.18 shows the transmission spectra of the waveguide for the TE- and TM-modes.
The waveguide length was 1 mm.
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Fig. 6.18 The transmission spectra of the TE- and TM-modes of the QT147 SQW
waveguide with a rib width and height of 3 um and 2.2 um, respectively. The

waveguide length was 1 mm.

The incident light was fully absorbed at photon energies 21.434 eV and 21.447 eV for the
TE- and TM-modes respectively. Recalling the results of the photo-current measurements,
presented in section 4.5.4, the hh- and lh-exciton resonances of the QT147 SQW were at
photon energies 1.562 eV and 1.566 eV respectively. Therefore, the incident light was
completely absorbed at photon energies 128 meV and 119 meV below the SQW band edge
for the TE- and TM-modes, respectively. Comparing the two results of Fig. 6.18 and Fig.
4.13 showed a clear discrepancy in the SQW absorption edge, the results in Fig. 6.18
indicated an absorption edge at =1.41 eV which is close to the band gap of the bulk GaAs.

6.3.2.2 Electric Field Induced Effects in QT147 SQW Waveguides:

The large electro-absorptive and -refraction effects in semiconductor quantum wells, close
to the absorption band edge, has shown a great potential in using QW waveguides in
electro-optic devices [18]. The large electric field induced changes in the optical properties
of QWs was due to the QCSE [19], this was discussed in section 2.4. This effect was
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demonstrated in the transmission measurements through the QW layers [20] and
transmission along the QW layers in a waveguide configuration, for the TE- and TM-modes
[21].

Our interest in the electro-absorption effect in GaAs/GaAlAs quantum well materials is to
implement this effect along side the resonant nonlinear effects for designing all-optical
switching devices with high throughput and larger switching modulation depths. These
devices are proposed in section 7.4.

In considering the electro-refractive effect in relation to the Franz-Keldysh effect in bulk III-
V semiconductors, it has been shown theoretically [22] that, at photon energies close to the
band edge, the electric field induced refractive index change is quadratic with the electric
field strength. In MQWs, the quadratic nature of the electro-refractive effect, close to the
band edge, is due to the QCSE. This has been demonstrated experimentally in
GaAs/GaAlAs MQWs [23, 24]. Following the work by A. Jennings [25] and Faist [26],
the linear and quadratic effects were isolated by using the directional dependence of the
linear electro-optic effect in the crystal. The electric field index change in a waveguide can
be expressed as;

An(E) = gnd [+ T 1 E, + T sE] (6.14)

63
where An(E) is the change in the effective index of the waveguide in an electric field E;
which is in the direction perpendicular to the plane of the quantum well layers, I'y and I'y
are the optical field confinement factors in the active region of the waveguide for the linear
and quadratic electro-optic effects respectively and rg3 and s are the linear and quadratic
coefficients of the electro-optic effects respectively.

The sign of the linear electro-optic is positive for light propagating along [110] and negative
for light propagating along [110]. Therefore to enhance the electric field induced refractive
index change in quantum well waveguides, they were fabricated along [110]. In the
nonlinear directional coupler, the applied electric field across one guide was to tune the
initial state of the outputs as well as to enhance the recovery time of the nonlinearity.
Therefore a large electro-refractive change in the directional coupler was required, and it
was fabricated along [110]. In the nonlinear AM-ZI devices, the applied electric field across
one arm was to change the electro-absorption, therefore these devices were fabricated along
[110].
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The electric field was applied across the SQW by probing the top (p-type) and bottom (n-
type) ohmic contacts and reverse biasing the double-heterostructure. The waveguide I-V
characteristic is shown in Fig. 6.19, the reverse bias break down voltage was Vp>40 V.
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Fig. 6.19 The diode I-V characteristics of a QT147 SQW p-i-n structure.

In the following sections, the electro-absorption and -refraction effects in QT147 SQW

waveguides were investigated.

Electro-Absorption Results:

Fig. 6.20 shows the transmission spectra of the QT147 SQW waveguide at different
reverse bias voltages Vy, for the TM-modes. As expected, a red shift in the spectrum, as
the bias voltage Vy, increases, a shift of 35 meV in the absorption band edge was achieved

at a bias voltage Vp=24 V.

The absorption change Ao(cm-1) as a function of the reverse bias voltage Vi, was measured
at a discrete photon energies. This is shown in Fig. 6.21, it shows a sharp increase in the
absorption coefficient at photon energies closer to the band edge.
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Fig. 6.20 The transmission spectra of QT147 SQW waveguide as a function of the
reverse bias voltage V.
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Fig. 6.21 The change in the absorption coefficient (cm’1) of the QT147 SQW
waveguide as a function of the reverse bias voltage Vp, at different photon energies
close to the SQW absorption edge.

168



Fig. 6.22 shows the change in the absorption spectrum at different applied reverse bias
voltages. At a bias voltage Vp= 18 V, an increase of 95 cm-! in the absorption coefficient
was obtained at a photon energy 1.463 eV. This is =4 times larger than that at 1.44 eV.
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Fig. 6.22 The change in the absorption spectra (cm1) of the QT147 SQW
waveguide at different reverse bias voltages Vp, derived from the data in Fig. 6.21.

Electro-Refractive Results:

The external Mach-Zehnder interferometric experimental set-up, described in section
6.3.1.2, was used to measure the electric field induced refractive index change in QT147
SQW waveguides. A CW tunable Ti:sapphire laser system was used.

The change in the SQW waveguide refractive index induced by applying an electric field
perpendicular to the SQW was studied at photon energies away from and close to the
material band edge. At a photon energy well below the band edge, A=1.15 um (1.079 eV ),
there was no shift in the external Mach-Zehnder interferometric fringes with applied reverse
bias voltage. This means that there was no change in the SQW waveguide refractive index
with applied electric field, via the linear electro-optic effect. This was the same for both
polarisations, TE and TM. At photon energies close to the material band edge, the change in

refractive index with applied reverse bias voltage Vp was small. For an applied voltage
Vp=19 V, an index change of 1.2x10- at a photon energy 1.448 eV (118 meV below the
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TM-mode lh-exciton) and increased by a factor of 2 to 2.39x10-4 at a photon energy 1.453
eV. These values of An are an order of magnitude smaller than measurements reported by
A. Jennings[25] for GaAs/GaAlAs MQW and Yariv [27] for bulk GaAs.

6.3.2.3 Intensity Dependent Refractive Index Measurements in QT147

SOW Waveguides:

The intensity dependent refractive index change of waveguides fabricated on QT147 SQW
were investigated, using the external M-Z interferometric set-up. The intensity of the CW
Ti:sapphire laser was changed using the combination of the electro-optic modulator and
polariser, described in section 6.3.1.2. The possible photon energy of the incident light
used in the experiment was 1.453 eV (150 meV below the lh-exciton) before the fringes
pattern disappear. There was no significant shift in the fringe pattern position, for the TE
and TM polarisations, even at maximum input light intensity (=300 mW ).

6.4 p-i-n GaAs/GaAlAs Multiple Quantum Well Waveguides:

A large intensity dependent refractive index variation is desirable for small size optical
switches. The size of resonant nonlinear effects can be enhanced by increasing the number
of the quantum wells in the guiding region. Sample A163 GaAs/GaAlAs MQW material
was used in this work. The layer structure is shown in Fig. 4.5 in section 4.3, it was
grown by MBE. It consisted of a 0.51 pm thick MQW intrinsic guiding region sandwiched
between p-type (top) and n-type (bottom) cladding layers of Gag 75Alp.25As for transverse
optical confinement. The quantum wells were designed with a well width of 100 A and a
barrier Al concentration of 30%. This wafer was designed by Dr. Andrew Jennings to
investigate the electro-optic effects in MQW waveguides.

Stripe waveguides were designed to sustain a single mode for wavelengths close to the
MQW absorption edge. Waveguides were fabricated, on A163 MQW material, with p-type

and n-type ohmic contacts on the top and bottom faces of the waveguide. The waveguide
rib width and etching depth were 3 um and 1.9 pum respectively. The I-V characteristics of

the waveguide gave a reverse bias break down voltage of 38 V.
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6.4.1 Electro-Absorption Effect in A163 GaAs/GaAlAs MOW Waveguides:

The output transmission spectra of A163 MQW single mode waveguides were measured
using the end fire coupling system, described in previous sections. Fig. 6.23 shows the
transmission spectra for the TE- and TM-modes, the waveguide length was 1.8 mm.

It shows that the incident light was completely absorbed at photon energies 1.462 eV and
1.474 eV for the TE- and TM-modes respectively. From the photocurrent measurements,
presented in section 4.5.4, the hh- and lh-excitonic resonant transitions were at photon
energies 1.508 eV and 1.515 eV respectively. Therefore at photon energies 46 meV (for the
TE-mode) and 41 meV (for the TM-mode) below the band edge, the incident light was fully
absorbed. Comparing the two results of Fig. 6.23 and Fig. 4.15 showed a clear
discrepancy in the MQW absorption edge, the results in Fig. 6.18 shows an absorption
edge at =1.45 eV which is about 60 meV lower than the detected hh-exciton absorption in
the photocurrent results.
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Fig. 6.23 The transmission spectra of the TE- and TM-modes of the A163 MQW
waveguide with a rib width and height of 3 um and 1.9 um, respectively. The

waveguide length was 1.8 mm.

In the next stage, the red shift in the absorption band edge in the MQW was measured. Fig.
6.24 shows the transmission spectra at different reverse bias voltages. A red shift of 34
meV in the band edge was achieved when the reverse bias voltage applied across the MQW
region increased from zero to 14 volts.
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Fig. 6.24 The transmission spectra of A163 MOW waveguide as a function of the
reverse bias voltage Vy,

6.4.2 Electro-Refractive Effect in A163 GaAs/GaAlAs MOW Waveguides:

The external Mach-Zehnder interferometer described in section 6.3.1.2 was used to
measure the change in refractive index An as a function of the applied electric field across
the A163 MQW waveguides. The measurements were achieved at discrete photon energies
approaching the material band edge. These measurements were carried out on stripe
waveguides with nominal width of 3 um and etching depth 1.9 pm. The incident light was

TM polarised.

Fig. 6.25 shows the change in refractive index An, for the TE-mode, as a function of the
reverse bias voltage at four different photon energies. At photon energies greater than 1.444
eV, the maximum possible voltage can be applied across the waveguide, before the fringes
pattern disappear, was 8 V. This was due to the increase in absorption of the waveguide via
the QCSE which reduces the output transmission of the waveguide and causing a poor
contrast in the interference fringes of Mach-Zehnder interferometer.

From the results in Fig. 6.25, there are two prominent features. Firstly, there is a large
spectral variation in the electro-optic effect, An increases dramatically at photon energies
closer to the excitonic resonance peak. Secondly, the refractive index change An is
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nonlinear with the applied electric field. These indications suggest that there is a significant
contribution from the quadratic electro-refractive effect unlike that of bulk GaAs and
GaAs/GaAlAs MQW away from the material band edge [28]. In both cases, the linear
electro-optic effect dominates the refractive index change.
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Fig. 6.25 The change in refractive index for the TE-mode of A163 MQW
waveguide as a function of the reverse bias voltage Vy, at different photon energies
close to the MOQW absorption edge.

6.5 Nonresonant Nonlinearity in GaAlAs Stripe Waveguides:

There has been a considerable interest in all-optical switching devices which utilises the
nonresonant contribution to the nonlinear refractive index njp. These devices are desirable
because they operate at photon energies well below the material absorption edge, i.e. low
loss devices. Although the nonresonant nonlinearity has a fast recovery time (in the
femtosecond region), the effect is small compared to the resonant nonlinearity and a high
power density is required over a longer interaction length to achieve the necessary phase
change. At these high power densities, the two-photon absorption TPA effect can become
important. TPA effect can reduce the intensity of the input power before the required
nonlinear phase shift is reached. Also the photo-generated carriers by the TPA induce a
negative index change which washes out the small positive contribution from the
nonresonant term [29-31].
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6.5.1 Two-Photon Absorption TPA:

The effects of the TPA have been observed for photon energies below the material band gap
[32-34]. It involves a two photon absorption at high intensity, and is allowed if twice the
photon energy is greater than the semiconductor band gap. In this process an electron is
promoted from the valence band to the conduction band via an intermediate state. The
promoted electron reaches a final state such that E¢-E;=2hw.

The TPA coefficient B can be defined from the equation of attenuation of a propagating light
through the material [43]:

da _ _arl
- ol — BI (6.15)
where « is the linear propagation losses coefficient (which includes both linear absorption
loss and waveguide scattering loss), B is the two photon absorption coefficient and 1 is the
effective laser intensity as a function of z. Integration of Eq. (6.15) yields:

1(0) e
I(z) = 6.16
(3= S B0 A o =) (6.18)
The output transmission of a waveguide with a length L is given by:
e-aL
(L) =1(0 6.17
© ()1+BLe,,I(O) ( :

where Legr=(1-e"%L)/ar, I(0)=Pjn/Acfr is the effective peak power density in the waveguide.
This included the effective area of the guided mode, the coupling efficiency to the
waveguide and the facet reflectivity of the waveguide. Eq. (6.17) can be rewritten as [44]:

T_1 =T-1+ BLdi‘ I(O)
0

(6.18)

e-aL

where T=I(L)/I(0) is the measured waveguide transmission and T is the linear
transmission. By plotting T-! as a function of the input peak power density I(0), it is
possible to deduce the TPA coefficient B from the slope of the best straight line fit to the

points.
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From Eq. (6.16), the TPA reduce the throughput of the waveguide. A general criterion for
avoiding large TPA-induced loss can be introduced [29]:

BI(O) L (1 (6.19)

All-optical switching devices are based on generation of a phase shift ¢, via the intensity
dependent refractive index change nj, of the order px. Recalling Eq. (6.12):

2nn, I L
px = 2)\’111 of (6.20)

Combining Eq. (6.20) and relation (6.19), we can obtain the following relation

(1 (6.21)

The TPA can be a sever limitation for all-optical switching devices, and can be quantified
by a parameter derived from the relation (6.21) [35]:

(6.22)

For a given waveguide device, p varies from 0.5 to 3.5 [36], e.g. for a nonlinear
directional coupler p=2 and for a nonlinear asymmetric Mach-Zehnder interferometer p=1.
When 1 increases to values lager than unity, the power required for switching rises, the
switching becomes incomplete, and the throughput drops dramatically [37]. Delong et. al.
[35] have evaluated theoretically the parameter 1} which quantifies the effects of TPA on all-
optical switching waveguide devices, utilizing nonresonant nonlinearities. Fig. 6.26 shows
a plot of TPA parameter N=pBA/n2 as a function of a semiconductor photon energy (after
reference 35). For efficient operation of an all-optical switch, 1 required to be less than 1.
The divergence near h@=0.74Eg is due to the fact that n2 vanishes at that point. For photon
energies less than half the band gap energy, B (and thus 1) is equal to zero. Realistically, B
does not go to zero at photon energies hw<Eg/2 due to defect and trap states and band gap
tail states. From that model, it is clear that as soon as the photon energy reaches half the
band gap energy (where TPA is allowed ), the TPA parameter 11 becomes greater than unity
and the condition for viable switching is violated. This suggest that in order to use the
nonresonant nonlinearity in semiconductor, the photon energy must be kept out of the
region where TPA is allowed (i.e. hw<Eg/2 ). Therefore the nonresonant nonlinearity in
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GaAlAs semiconductor waveguides was investigated at photon energies below half the

band gap.
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Fig. 6.26 Two-photon parameter N=pBAlnz as a function of a semiconductor
photon energy, 1 is required to be less than 1. The divergence near hw=0.74Eg is

due to the fact that ny vanishes at that point. For photon energies less than half the
band gap energy, B (and thus n) is equal to zero.(after ref. 37).

In the following section the SPM technique is described. This includes firstly the theory,
and secondly presenting the experimental arrangement and results of SPM. The nonlinear
Kerr coefficient ny in GaAlAs waveguides is measured using self-phase modulation SPM
technique.

6.5.2 Self-Phase Modulation SPM:

The intensity dependent refractive index change of a dielectric material is expressed as;

n=n_+n,l (6.23)
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where all symbols have their usual meaning, see chapter 1. If a dielectric material is subject
to an intense pulse then a refractive index change will be induced. When the relaxation time
of this effect is shorter than the pulse width (a few femtoseconds ), then the index change
will vary with the shape of the pulse. This means that the more intense part of the pulse
experience a higher refractive index. The central portion of the pulse is therefore delayed
with respect to the less intense leading and trailing parts of the pulse. This lead to a
frequency chirping. Self-phase modulation is a nonlinear effect in which the phase relation
between different parts of the pulse are modified. It is an accumulative effect and over long
enough propagation distances, the induced chirp may become large enough so that
dispersion effects lead to changes in the pulse shape.

6.5.2.1 Theory:

Consider an optical pulse with a gaussian temporal profile propagating along a length L. It
is clear that each part of the pulse, having a different intensity, will experience a different
refractive index and hence a change in phase occur across the pulse given by;

Ap(t) =—kn I(t)L ; (6.24)
where k is the wavenumber of the pulse and Legr is the effective length of the waveguide
Legr=(1-e-0L)/a. Since the intensity and hence the phase shift is a function of time, the

pulse develops a frequency shift Aw from the carrier frequency wg. The frequency shift Aw

is proportional to the time derivative of the intensity;

oy < 290 __ 0 6.25)

From this, it can be seen that the instantaneous frequency of the carrier in the leading part of
the pulse (t<0) is down-shifted and the trailing part (t>0) is up-shifted.

A gaussian input pulse of duration Tp, at full width half maximum FWHM has the form;

I(t) = Ioe—(%) (6.26)
where

T, = 2+/In2 ¢
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Fig. 6.27 shows the pulse shape and the instantaneous frequency shift as a function of
time. The maximum phase shift occurs at the peak of the pulse, Admax = -knaLefflp, and the
maximum frequency shift at the points of inflection, where dl/dt is a maximum. Setting
021/012 = 0 we obtain;

t=1/ /2
[2 2/1n2
Aw,, =T —e-kLe”nzl o——:tT‘ (6.27)

I(t)
() *

and

(b)

+Vve

-ve

Fig. 6.27 a) Input gaussian pulse b) Instantaneous frequency shift due to SPM.

From Fig. 6.27b, the linear portion of the frequency chirp of the pulse is refereed to as an
up-chirp since the frequency increases with time. It should be noted that the time-dependent
phase modulation does not affect the temporal intensity distribution of the pulse. In the
absence of any group velocity dispersion GVD, the pulse envelope should be exactly the
same as the input pulse after propagating through the length L of the sample. The frequency
spectrum of the pulse can be obtained from the Furrier transform of the electric field of the
pulse. The electric field amplitude for a gaussian pulse is;
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same as the input pulse after propagating through the length L of the sample. The frequency
spectrum of the pulse can be obtained from the Furrier transform of the electric field of the
pulse. The electric field amplitude for a gaussian pulse is;

E,(1) =/T, o g (6.28)

After passing through the length L of the sample;

1t 2 R
E (1) = /T, e'E(?) (0ot ) (6.29)

out

The Fourier transform of Eq. (6.29) gives the frequency spectrum E(w) B where;

he —llz —-j(®—-a \t
E(@) =/T, Je ) ¢ 1800 (%) gy (6.30)

This function can be solved numerically. R.H. Stolen [38] calculated the frequency
spectrum for a gaussian pulse at different intensities, as shown in Fig. 6.28. From Fig.
6.27 it can be seen that there are in general two points in time which give the same
frequency shift. The SPM spectrum can be thought to arise from a constructive and
destructive interference of the pairs of frequency components generated from the two points

in time.

In experimental measurements of the SPM, the total band width of the pulse in term of
wavelength is measured. Therefore Eq.(6.27) can be converted to give the maximum
spectral width of the pulse [39];

AL _n_P
M= A+ —CALZT—° 4~/2In2 / e (6.31)
eff * P

where AA; is the initial bandwidth of the pulse, Py the pulse peak power and Ay is the

effective cross section area of the waveguide.

In the above analysis, the refractive index of the medium has been assumed to be
independent of the optical frequency. If there is no nonlinear effect present in the material,

then dispersion in the material will lead to pulse broadening. This is true regardless of
whether the group velocity dispersion GVD of the material (dvg/dA) is negative or positive.
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6.5.3 Experimental Measurements:

The nonresonant nonlinear effects in GaAlAs waveguides have been investigated at
wavelength A=1.55 pm (below half the band gap) to eliminate the problem of TPA.

Furthermore, for devices operates in this spectral region are attractive because this is one of
the low loss telecommunication windows (i.e. 1.3 pm and 1.55 um ). All the nonresonant

nonlinear experiments were carried out at St. Andrews University/Department of Physics.

| AW/IN
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Fig. 6.28 The calculated spectra broadening due to SPM for a gaussian pulse of
varying intensity (after ref. 38).

6.5.3.1 Experimental Set-up:

Fig. 6.29 shows a schematic diagram of the experimental set-up, the laser source was the
coupled-cavity mode-locked KCI:Tl colour centre laser describe in section 5.11. Ultrashort
pulses were generated at a wavelength A=1.52 um with pulse width tp=330 fsec at a
repetition rate of 82 MHz. The average power from the laser was =65 mW (i.e. =2.33 KW
peak power). The pulses of the laser were coupled into the waveguide by using an
antireflection coated x20 objective lens and coupled out using a x40 objective lens. A
Faraday optical isolator was placed between the KCIL: Tl coupled-cavity laser and the end fire
rig to prevent any optical feedback from the waveguide facet to the laser cavity, which
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degrades the mode-locking. The peak power of the input pulses was varied by using a
motor controlled attenuating wheel. A halfwave plate and polariser were used to set the
polarisation of the laser to either a TE or TM.

{solator A2

CCML lasen
End-fire rig

Detector

Spatial filter BS
TV
monitor Camera Chart recorder

Fig. 6.29 Schematic diagram of the experimental set-up using an ultrashort pulses
from a CCML colour centre laser. BS: beamsplittor, ND filter: nutral density filter.

The incident and transmitted lights were measured using a calibrated Ge detector. The
output of the waveguide was specially filtered to eliminate any stray and scattering lights
from reaching the detector. This was achieved by focusing the output of the waveguide
through a <0.5 mm in diameter aperture placed at a distance around 1.5 m from the output
objective lens.

6.5.3.2 Self-Phase Modulation SPM Results:

Waveguides were fabricated in GaAlAs A293 material, described in section 4.3, using the
standard optical lithography and lift-off processes. Measurements were performed on
waveguides with rib width and height 3 um and 1.6 um respectively. The length of these
waveguides was 7.4 mm. The far field mode profile of the output was examined using a
C1000 Hamamatsu camera which confirmed that these waveguides were single moded. The
linear propagation losses was measured using Fabry-Perot technique, a=1.740.15 cm1.

The optical spectral broadening of the input pulse propagating in the waveguide, via the
SPM was scanned by using a monochrometer. Fig. 6.30 shows the output spectra for the
TE-mode of the transmitted pulses through the waveguide at different input peak intensities.
Comparing these results with ref. [38], a phase shift of 3n/2 and 5n/2 were obtained at 3
GW/cm?2 and 6.25 GW/cm? respectively.
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The spectra exhibited broadening on both sides, indicating that the rise and recovery times
of the nonlinearity were much faster than the pulse width (<<100 fsec ). The spectral
broadening due to the SPM was measured for the TM-mode in these waveguides, this
showed that the SPM was polarisation independent for the GaAlAs waveguides.

W
i

(b)

Spectral intensity (arbitrary scale)

1.42 um 1,518 pum 1,58 um
Wavelength um

Fig. 6.30 Observed self-phase modulated spectra of the output pulses from

GaAlAs waveguide at peak power densities; a) low power b) 3 GW.cm™2 ¢) 4

GW.cm2 d) 6.25 GW.cm-2.

The nonresonant intensity dependent refractive index coefficient ny of GaAlAs rib

waveguide was obtained from the SPM measurements using Eq. (6.31),
na=+(5.405+0.5)x10-14 cm2/W. This was smaller than the calculated np=+1.1x10-13

cm2/W for the same material in ref. [41]. Their value was estimated by fitting the
experimental results of the ultrafast switching of the directional coupler, at a wavelength
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A=1.54 um. As we will see later in section 7.8.2, that our value of np was confirmed by
the experimental results of the demonstrated ultrafast asymmetric Mach-Zehnder
interferometer. Ho et al [40] calculated ny coefficient, from SPM measurements, in
Gag gAlpg.2As waveguides at wavelength A=1.6 pm (below half the band gap ),
np=~+(3.620.5)x10-14 cm?2/W. Their results are in good agreement with our results.

6.5.3.3 Two-Photon Absorption Results:

The two-photon absorption TPA coefficient in A293 GaAlAs waveguides, described in the
previous section, was investigated at photon energy below half the band gap of the
Gag g2Alg.18As guiding region, A=1.52 um. The experimental set-up shown in Fig. 6.29
was used. The output transmission of the 3 pm single mode waveguide was measured as a
function of the input light intensity. Fig. 6.31 shows the output transmission (mW) as a
function of the average input power for two different input pulse widths, 30 ps and 330
fsec, (i.e. two different peak powers). The broad pulses were generated by excluding the
nonlinear coupled cavity from the main laser cavity. Therefore the average power and
coupling efficiency to the waveguide did not change for the two different peak powers.
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Fig. 6.31 Comparison of transmission of high intensity (330 fs) pulses and
relatively low intensity (30 ps) pulses in straight GaAlAs waveguide as a function

of the input light intensity, at photon energy below half the band gap of the guiding
region (A=1.52 um). The average power is referred to the estimated power in the

waveguide after taking account of coupling and reflection losses.

183



For 1p=30 ps, the output transmission varied linearly with the input power, there was no
nonlinear absorption (i.e. B=0 ). As the input power was increased by a factor of 100
(tp=330 fsec) the output transmission tend to saturate at high input powers 210 mW (2370
W peak power ). The input and output powers in Fig. 6.31 included the coupling efficiency
as well as the waveguide facets reflectivity. These results indicated that at high powers, the
TPA coefficient B#0 even at photon energies below the TPA region. This can be due to the
overgrowth defects and band tail states in the Gag g2Alp 18As material. From Fig. 6.31 the
throughput of the straight waveguide was estimated, with no TPA (i.e Tp=30 ps ), =25%

where the coupling and facets losses are included.

The TPA coefficient  was calculated by plotting the reciprocal of the output transmission
T-! as a function of the input peak power density (GW/cm?2 ). Fig. 6.32 shows T-! verses
input average power, at Ty=30 ps, B=0. At Tp=330 fsec, the obtained B value from the slop
of the straight line (slop=BLeff/exp(-az)) was 0.14 cm/GW. This TPA coefficient § may
increases by a factor of 100 as the photon energy enter the TPA region, ha>Eg/2, [44].

24 | B 330 fs pulse duration

] B 330 fs pulse duration
4 30ps pulse duration

1/Output transmission

" Average input power mW

Fig. 6.32 The reciprocal of the transmission of the GaAlAs rib waveguide as a
Junction of the input light intensity. The gradient of the best fit straight lines are
proportional to the TPA coefficient.
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TPA Parameter 1.

The TPA parameter was obtained from the measured parameters of np and P values for the
Gag g2Alg.18As waveguides, n=0.38 at wavelength A=1.52 um. From the suggested
theory of DeLong and Stegeman [35], GaAlAs material was suitable to be used for all-
optical switching devices, as N<1.

A very successful all-optical switching device, based on the nonresonant nonlinear
directional coupler [41] and asymmetric Mach-Zehnder interferometer [described in section
7.8.2] were demonstrated with this material.

6.6 Conclusion:

In this chapter we investigated the nonlinear optical properties of GaAs/GaAlAs single and
multiple QW waveguides. These investigations included, firstly: the resonant nonlinear
effects, photo-absorption and refraction effects, at photon energies close to and above the
material band gap. The external Mach-Zehnder interferometer was used to measure the
magnitude and the type, thermal and/or electronic, of the resonant nonlinearity. A large
electronic nonlinear coefficient np=1.4x10-8 cm2/W was measured in the GaAs/GaAlAs
SQW rib waveguides. The recovery time of the resonant nonlinearity in these passive
waveguides was measured using the pump-probe experiment, a short recovery time of
=125 ps was achieved. This short recovery time was due to the enhanced surface
recombination of the photogenerated carrier, where the SQW was only 400 A below the top
surface of the material.

Secondly, the nonresonant nonlinear effects in Gag gpAlg.18As waveguides were
investigated, at photon energies below half the band gap, these included the SPM and TPA
measurements. The nonresonant nonlinear refractive index coefficient below half the band
gap was measured, np=(5.430.5)x10-14 cm2/W. The figure of merit, 1=pPA/n2, showed
that this material is suitable to demonstrate ultrafast all-optical switching devices.

GaAs/GaAlAs SQW and MQW p-i-n structures were used to investigate the enhancement
of the relaxation time of the resonant nonlinearity with applied electric field in active rib
waveguides. These studies included the investigation of the electro-refractive and
absorptive effects in QW waveguides.
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Chapter 7

Nonlinear Integrated Asymmetric Mach-Zehnder
Interferometer

7.1 Introduction:

One of our target devices for all-optical switching is the nonlinear integrated Asymmetric
Mach-Zehnder Interferometer AM-ZI. The interferometer as originally proposed [1],
modulates an optical beam with an applied voltage, and has been used extensively in
electro-optic devices such as high-speed analog-digital converters [2] and modulators [3].

In this chapter, the operation mechanism and theoretical modelling of the single-mode, AM-
Z] are described, using the local normal-mode description [4] and scattering matrix model
[5,6], respectively. The linear characterisation of the AM-ZI is also investigated, this
includes the propagation loss measurements of the Y-junction and bend waveguides.
Finally, the switching action of the AM-ZI is examined using the electro-optic effects and
intensity dependent refractive index change in GaAs/GaAlAs materials.

7.2 Operational Mechanism of the Nonlinear Integrated M-ZI Device:

Figure 7.1 shows a schematic diagram of a AM-ZI, it consists of a single-mode input and
output asymmetric Y-junctions. The two Y-junctions are joined back-to-back to form the
two arms 1 and 2 of the AM-ZI. An input optical signal will split between the two arms of
the AM-ZI at the input Y-junction and recombine at the output Y-junction. The split ratio
between the two arms depends on the Y-junction angle. The output response function of the
AM-ZI depends on the relative phase and amplitude of the recombined fields at the output
Y-junction.

To understand the operational mechanism of the integrated M-ZI as an all-optical switch
device, it is vital to underline how the Y-junction acts as a power divider. The local normal-
mode description [4] will be used to explain this operation. In the general case, a symmetric
Y-junction is used. When the Y-junction operates as a power divider, the guided mode in
the input section splits between the two arms of the Y-junction, as shown in Fig. 7.2. The
split ratio depends on the Y-junction configuration [7,8]. In the case shown, it is a 3 dB
divider.
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Fig. 7.1 Schematic diagram of a single mode asymmetric Mach-Zehnder
interferometer. The Y-junction full angle is 'y and the power splitting in arm 1 and

arm 2 are (1-8) and 8 respectively.

Fig. 7.2 Schematic diagram of the basic operation of a single-mode symmetrical Y-
Jjunction as a power divider.

When the Y-junction is used as a power combiner, the output of the Y-junction depends on
the phase and amplitude of the guided modes in the two input arms. When they are in
phase, the output power is the sum of the powers in the two input arms. As shown in Fig.
7.3a, the even mode is excited at the junction which will be transformed into the
fundamental mode at the output waveguide. When the guided modes of the two input arms
are out of phase, the odd mode is excited at the junction of the Y and because the output
waveguide supports only the fundamental (even) mode, the odd mode will be coupled into
the substrate as a radiation mode, as shown in Fig. 7.3b. When the input is only from one
arm, the guided mode will excites the symmetric and anti-symmetric modes at the Y-
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junction (due to the coupling between the two arms). Therefore, the output waveguide will
support only the symmetric mode, as shown in Fig. 7.3c and the Y-junction insertion loss
will be 3 dB.

AN
DI
—

(@)

(b)

©
Fig. 7.3 Schematic diagram of the basic operation of a single-mode symmetrical Y-

Jjunction as a power combiner. a) the two inputs are in phase, b) the two inputs are
out of phase and c) the input is only into one arm.

From the above description of the single mode Y-junction, the switching operation of the
AM-ZI device can be achieved by introducing a relative phase difference of ® between the
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two arms of the single mode AM-ZI.

In the linear version of the device (e.g. electro-optic modulator), the ® phase change is

introduced by applying an electric field, across one arm of the Mach-Zehnder device. In the
nonlinear version of the device (all-optical switch) the © phase difference between the

guided modes of the two arms will be introduced by means of intensity dependent refractive
index change, n=ng+n,l.

7.3 Theoretical Modelling of the Nonlinear Integrated AM-ZI Devices:

The scattering matrix model [5,6] has been used to model the single mode AM-ZI. This
was achieved by modelling the single mode asymmetric Y-junction and using the scattering
matrix model twice in the case of the AM-ZI.

Fig. 7.4 shows a schematic diagram of asymmetric Y-junction. It consists of three parts,
straight, taper and branching sections. The Y-junction is taken to be a four port device
which consists of a straight single-mode waveguide (portl ), two single-mode branching
waveguides (port2 and port3) and port4 for the modes radiated to the substrate at the taper.
In this model, it is assumed that the angle is small enough to neglect the reflection loss in
the Y-junction. The response of the Y-junction can be described in terms of a scattering
matrix S as [5];
E =SE (7.1)

i i
where

0 A A-3) Vo 0 |
N 0 0 -3
Vs 0 0 (1-§)

1-
0 -5 JJu-8 0

where E; is the input optical field in the ith port and E;'is the output field from the ith port.

From the scattering matrix S, the following observations can be made. If a wave is
propagating towards the Y-junction through either port2 or port3, then a fraction of the
power will always be radiated into the substrate. In other words, if a beam light incident on
port2, then only a fraction (1-8) will leave portl. Similarly, when a light beam incident on
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port3, then only a fraction of & will leave portl.

=7

Port 3

Port 1 <e=t - (1-0)

> Port 2

\Pon4

Fig. 7.4 Schematic diagram of a single-mode asymmetric Y-junction, it is taken to

be a four port device.

The AM-ZI is considered as two Y-junctions placed back-to-back, as shown in Fig.7.5.
Therefore, the response function of the AM-ZI can be obtained by applying the scattering
matrix model twice [6]. Bearing in mind that a relative phase changes, ¢1 and ¢2, are

introduced in arm1 and arm2, respectively. Also, the elements of the matrix for the second

Y-junction are interchanged to maintain the correct definitions of the Y-junction ports

shown in Fig.7.4.

Port3

Port 1

— - (1-8) =+ e

Port 2

7

o
Port 1 %Y Port 3 Z
1 /ol - 20
(o]
N
Port 4

7

N\

Port 4

Fig. 7.5 Schematic diagram of two single-mode asymmetric Y-junctions joint
together, back-to-back, to form the asymmetric Mach-Zehnder interferometer.
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The output response function of the AM-ZI, as an all-optical switch, depends on the type of
the nonlinearity employed to achieve the switching. In III-V semiconductor materials, the
nonlinearity can be either nonresonant or resonant, depending on the operating wavelength.
In the following sections each of these effects will be considered.

7.3.1 Nonresonant Nonlinear Integrated AM-ZI Device:

The intensity dependent refractive index change induced by using nonresonant nonlinearity
is described in section 6.5. The operating photon energy (wavelength) is well below the
semiconductor absorption edge, and it is very desirable to operate at photon energies below
half the absorption edge of the semiconductor to avoid the two-photon absorption (TPA)
effect which emerges at high optical intensities. In these spectral regions, the nonlinearity
does not include absorption or refraction saturation effects and no photogenerated carriers
are involved.

The output transmission, Py, of the lossless AM-ZI is given by;

P, =4P_ 5(-d)cos*(Ap/ 2 +6) (7.2)

(4]

0 takes account of any built-in phase difference in the device due to slightly different optical

paths in the arms caused by fabrication inaccuracies. The differential phase change between
the two arms (A¢=0¢1-¢7) due to the optical nonlinearity, is induced due to the difference in
the split ratio of the input power in each arm. A¢ is expressed as;

8¢ = 25 A(nL)
0

where A(nL) is the differential change in the optical path length between the two arms.

P,
A(nL) = Kian[(1 -8) - 8]

2nn,P_L_(1-23)

e (7.3)

Ag

where Lefr is the effective length of the interferometer arms (Lefr=(1-exp(-aL))/c), o is the

linear attenuation coefficient (scattering loss and free carriers absorption ), L is the length of
the arms, ny is the nonlinear coefficient, Py is the input beam power, 8 and (1-8) are the
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optical power split ratio between the two arms, Ag is the free space wavelength and Aeff is
the waveguide effective cross sectional area. The output response of the AM-ZI from Eq.
7.2 is shown in Fig. 7.6 as a function of the input optical power.
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Fig. 7.6 The output response of asymmetric Mach-Zehnder interferometer as a
Junction of the input power, for different splitting power ratios.

The output response of the AM-ZI is a cos2 function of the input beam power. The
amplitude and oscillation strengths depend on the split ratio, 8:(1-3), between the two arms

of the Y-junction.

In our experiments, the AM-ZI was tested using the pump-probe technique, described in
section 6.3.1.3. In this technique, the output transmission of the probe was monitored as a
function of the pump beam intensity. Therefore, Eq. (7.2) can be written in a normalised
form (Poyy/Pin) as a function of the pump beam intensity, Ipump=(Ppump/Aefp);

197



T=43(-3)cos’(Ap/ 2 +0) (7.4)

and

27tn21

L_(1-23)
Ap = £

A

pump

(7.5)

0

The response function of the AM-ZI, Eq. (7.4), is plotted in Fig.7.7 as a function of the
input pump intensity for different power split ratios 8:(1-8). The values of np=1x10-11
cm2/W, Lefr=0.4 cm and A=1.55 pm. It can be seen that for small split ratio, the
modulation depth is large but the input power required to achieve switching is increased.
Therefore, in the design of AM-ZI, there is a compromise between low switching power
and reduction in the switching fraction.
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Fig. 7.7 The normalised output response of asymmetric Mach-Zehnder
interferometer as a function of the input power, for different splitting power ratios.
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71.3.2 Resonant Nonlinear Integrated AM-ZI Device:

When the AM-ZI device is operating at photon energies close to or above the semiconductor
band gap, then the all-optical switching is achieved by mean of resonant nonlinear effects.
Therefore, the photo-absorption and -refraction effects in the semiconductor have to be
included in the device modelling.

The intensity dependent absorption and refraction saturations are considered, using a two
level saturation law [9]. Therefore the intensity dependent absorption and refraction can be
expressed in arm1 and arm?2 as;

0 0
a1=1+(“5)'m (x2=1+5|m (7.6)
21N ,(1 = )l o L o1 21N 3l o L

pump “eff
"= (1-3)l pump Pe= ol pump 7.7)
A1+ T A 1+ T

nsat nsat

0 is the linear absorption coefficient and Ipymp is the input pump light intensity, Iygat is
the absorption saturation intensity and Ingy is the refractive index saturation intensity. Two
different saturation intensities for the absorption and refraction are used, due to different
mechanisms involved in the photo-absorption and -refraction nonlinear effects. This is
confirmed by the experimental results presented later in this chapter.

The normalised output response of the resonant AM-ZI becomes;
T=38(1-8)[exp(-al) + exp(- a,l)

+2 exp(— L:Z)L)COS(% -, + 6)] (7.8)

where o] and o2 are the absorption coefficients in arm1 and arm2 respectively, and ¢1 and
¢2 are the phase changes of the guided modes in arm1 and arm2 respectively.

The absorption saturation intensity Insa¢ can be estimated from the experimental results of

the absorption saturation in the straight waveguide. The response function, Eq. 7.8, is used
later in this chapter to model the resonant nonlinear AM-ZI.
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Some of the remarks need to be made about the scattering matrix model. Because of the
idealisations made about the Y-junction in the AM-ZI, the model does not give sufficiently
good representation of a realistic device, but it gives a qualitative indication of the operation
principles of the AM-ZI device. In the scattering matrix model, the coupling between the
guided modes in each arm of the Y-junction, close to the junction of the Y, is not included,
this coupling has to be included for a realistic model. Furthermore, the response function of
the AM-ZI is derived from a CW theory for the operation of the device, while the
experimental results were taken with a pulsed laser and there could be several effects
associated with averaging over the pulse duration which may alter the operating
characteristics of the device.

1.4 Design Considerations of the AM-ZI Devices:

From the theoretical modelling of the integrated AM-ZI devices, switching can be achieved
when a relative phase change is introduced between the two arms of the device. This
relative phase change depends on the intensity of the input light. Therefore, it is important
to reduce the intensity attenuation in the device elements, e.g. Y-junction and bend
waveguides. Propagation losses in the AM-ZI arise from scattering loss in the Y-junction
and bend waveguides and from free carrier absorption. These losses can be reduced by
optimising the design structure of the Y-junction and bend waveguides as well as the
semiconductor layers structure. These loss mechanisms are investigated in section 7.6.

In the resonant AM-ZI, the photon energy is close to the semiconductor absorption edge
and the losses are dominated by band-edge absorption, the required switching power is
high. It is possible to reduce the switching power by designing a linear AM-ZI with a
nonlinear section, of length L, in arm 1. This can be obtained by fabricating a AM-ZI with
an energy band Eg; in arm 1 and the rest of the device with energy band Egy, such that
Eg2>Eg1. Two techniques can be used to achieve this, either by a) using the QCSE or b)
selective disordering of GaAs/GaAlAs QW materials. These two techniques are out lined in
the following sections.

7.4.1 Electric Field Induced Effects Technique:

Fig. 7.8 shows a schematic diagram of a resonant AM-ZI with a nonlinear section in arm 1,
achieved by employing the QCSE in GaAs/GaAlAs QWs [10]. By selectively applying an
electric field perpendicular to the plane of the epitaxial layers, the QW absorption edge will
be shifted to lower energy, Eg1, (red shift). The rest of the device will have an energy band
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of the as grown material Eg -

Linear section
Energy bandgap=Eg2

Pout

Electrode
Pin
(M

Nonlinear section
Energy bandgap=Eg 1
Eg1s hl'f< Eg2

Fig. 7.8 Schematic diagram ofan active asymmetric Mach-Zehnder interferometer.
The electrode (shaded area) forms the nonlinear section of the all-optical switch

when a reverse bias is applied across the device.

7.4.2 Vacancies Induced Disordering Technique:

The selective vacancy induced disordering technique, described in section 4.6.7, can be
used to form a resonant AM-ZI with a nonlinear section in arml. This is shown in Fig. 7.9,
the disordered area of the device will be shifted to a higher energy Eg2 compared to the as

grown material (in the nonlinear section) Egi.

Linear section
Disordered Energy bandgap=Eg2
area

Pin
(M
Nonlinear section
Energy bandgap=Egl
Eg1~f i <Eg2

Fig. 7.9 Schematic diagram ofan asymmetric Mach-Zehnder interferometer, the
shaded area is disordered by using either IID or vacancies indiffusion technique.
The clear area with energy band Egi play as a nonlinear section in the all-optical

switch when the device operates at photon energy such that Egi~hco<Eg2.
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In both versions of the resonant AM-ZI device, the energy band of the nonlinear section,
Eg1, is smaller than the energy band of the rest of the device, Eg;. Therefore, by tuning the
photon energy of the input light close, or equal, to Egj, it is possible to enhance the
nonlinear effect in the nonlinear section as well as reduce the unnecessary absorption loss in
the rest of the device.

In spite of the technical difficulties in fabricating either of these devices, the two techniques
have some advantages and disadvantages. The electric field induces a larger red shift in the
QW absorption edge (QCSE) compared to the vaccancy disordering technique. Also the
presence of the electric field across the QW reduces the relaxation time of the resonant
nonlinearity [11], by sweeping the photo-generated carriers out of the waveguide. The
drawback of applying electric field, is that it may broaden and weaken the QW exciton
resonant peaks [10].

7.5 Theoretical Modelling of AM-ZI with Applied Electric Field:

The guided-wave intensity modulation in electro-optic devices can be obtained with either
the Pockels effect or the Franz-Keldysh effect. The Pockels effect is usually obtained at an
optical wavelength A far from the fundamental absorption edge of the material. Therefore,
the phase effect is strong and the associated loss is negligible. In Franz-Keldysh devices,
the operating optical wavelength A is quite close to the material absorption edge. For these
modulators, the loss component is strong compared to the weak phase retardation. In
quantum well material, the effect of applying an electric field across the quantum wells is
known as a D.C. quantum confinement Stark effect QCSE, as described in section 2.4. In
our integrated AM-ZI, shown in Fig. 7.8, the two effects are taken into account.

In the analysis of such a device, the applied electric field across the length L produces a
uniform perturbation to the mode of the waveguide over that length. This perturbation
produces a phase retardation and amplitude change AB+iAoy/2. The propagation coefficient
(B = 2mnefi/A) and the optical power absorption coefficient (o = 47k/A) are per unit length.
Following the scattering matrix model and assuming that the two arms of the interferometer
are phase matched in the zero field case, the throughput of the integrated interferometer is
given by [12];

P,/ P =801-8)[+e*"+2e*"'2cosAPL] (7.9)

At a given drive voltage, the relative strength of the phase versus amplitude modulation can
be expressed using a parameter p (p=2AB/Ac ). This parameter provides a measure of the
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relative strength of the phase and amplitude modulation. Inserting the p parameter into Eq.
(7.9) gives;

P,/ P_=581-8)[1+e 2"/ P+ 2¢7%'? cos(ABL)] (7.10)

Assuming that p is constant, Fig. 7.10 shows a plot of the output transmission of the M-Z
as a function of ABL for p = 3, 10 and 500. The split ratio between the two arms of M-Z
9:(1-0) is 0.5:0.5. Fig. 7.11 shows a plot of the output transmission of a AM-ZI for p =10,
and different split ratios 8=0.5, 0.3 and 0.2.

d:(1- 9)
0.5:0.5 P =500

ABL (radians)

Fig. 7.10 The output response of an electro-optic symmetrical Mach-Zehnder
switch (8=0.5) as a function of the phase change ABL, at different values of
p=2AB/Aq.

This analysis gives a qualitative indication of the operation principles of the device. As p
increases, the mixed modulator (phase and amplitude changes) blend continuously into a
phase modulator. The familiar raised cosine result at p — ©° with perfect nulls at odd
multiples of 7. As the absorption coefficient o increases, i.e. p decreases, the modulator
has non zero minima and nonunity maxima this is due to the amplitude imbalance between
the two arms which washes out the peaks and valleys of the interference. As ABPL
increases, the throughput of the modulator approaches the value &(1-8), as it is shown in
Fig. 7.11. The size of the electro-refractive and -absorptive effects depends on the
wavelength. Therefore by tuning the operation wavelength, it is possible to change the
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value of the p parameter.

ABL (radians)

Fig. 7.11 The output response of an electro-optic asymmetrical Mach-Zehnder
switch, with p=10, as a function of the phase change ABL, at different values of
power splitting ratios 5:(1-3).

7.6 Linear characterisation of the Integrated Mach-Zehnder
Interferometer:

The linear characterisation of the single mode AM-ZI involves the investigation of the
device insertion losses. This is an important parameter as far as the device performance
concerned, specially when the switching operation is an input light intensity dependent.

The integrated AM-ZI device consists of a straight waveguide, input and output Y-junctions
and bending corners in each arm. Therefore, it is vital, in studying the device insertion
losses, to measure the losses in the straight waveguide, the Y-junction and the bend
waveguides. The linear propagation losses of the straight waveguide are studied in chapter
5. Therefore, in this chapter only the Y-junction and bend waveguides propagation losses
are discussed.
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7.6.1 Bend Waveguides :

In integrated optical circuits, bending waveguides play an important role in connecting
different components within one chip. The directional change in these waveguides causes
some of the power propagated in the guided modes to be transferred into a radiated modes

at the bends.

Fig. 7.12 shows two types of bend waveguides. In the first type, the two parallel,
noncolinear single-mode waveguides are joined by a straight section which forms sharp
corners at each end. In the second type, the two waveguides are joined by two smooth
curved waveguides. The smooth curves are portions of a circle with same radius of

curvature R. They both have equal but opposite curvature.

Section 1

Section 2 I Section3
I -
- T y2

Pin e

~ R |}

Fig. 7.12 Schematic diagram of two types of bent waveguides, a) with sharp

~ xs
____)Nv

(b)

corners and b) with smooth corners.

Curved waveguides have been analysed by several authors using different techniques
[13,14]. In most cases, it was assumed that the refractive index difference between the
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guiding region and the surrounding media was small. In general, the attenuation coefficient
of the curved slab guide was found to be of the form [15,16]

Q=Ce * (7.11)
where
3/2
2 An
Cz=l{ nf) (7.12)

where Cj is a constant depending on the guide thickness and indices, Angfy is the difference
between the model effective index and the cladding index. Eq. 7.11 assumes Aneff/nefs is
small. The exponential behaviour means that the bending loss increases abruptly for radii
below some critical value.

In a bent waveguide with two corners, the power coupled out of the second corner is given
by [17];

P,=P,_ a142.|a23|2.e_Y°L° (7.13)

where Pjj, is the power incident upon the first bend, Yy is the attenuation coefficient that is
due to absorption and scattering, Lg is the length of the joined segment and |aij [2 is the
relative power-coupling coefficient for the fundamental mode between the two waveguide
sections i and j. The power-coupling coefficient is given by [17];

lay " = ago| =exp[- B°X3 sin(y/ 2) / 4] (7.14)

Y2 is the angle of each bend, B is the propagation constant of the lowest-order fundamental
mode of the waveguide and X is the half-width of the mode in the plane of the bend.

Hutcheson et al [17] investigated the bending loss in the two types of bent waveguides. A
great difference in the propagation loss of the two types of bent waveguides was found, for
the same offset connection. In general, the corner-bend approach was better for a very
small transverse separation. As the transverse separation increases, the S-bend yields the
lowest loss.
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7.6.1.1 Mask Design:

In the early stage of this project, it was not possible to make a mask with smooth S-bends.
Therefore, only the bends with sharp corners were investigated. The mask was designed
not only to measure the bending loss but also the loss in the Y-junctions and straight
waveguides. It consisted of two sets of lines with linewidths 2 pm and 3 um. As shown in
Fig. 7.13, each set had straight waveguides, sharp angled bends and sharp angled
symmetrical Y-junctions. The closest distance between these optical elements was 50 pm ,
this was to prevent any coupling between adjacent waveguides due to the evanescent field
of the guided modes. There were six Y-junctions in each set with various splitting angles.
The Y-junction full angles y were 1°, 1.5°, 2°, 3°, 4° and 6°. Adjacent to the side of each Y-
junction there were two bend waveguides with bending angles half that of the neighbouring
Y-junction full angle y. Each bend waveguide had two bends so that both ends of the
waveguide meet the cleaved edge of the sample at a normal angle. Six straight waveguides
were distributed between the Y-junctions.

=
_——

straight waveguide
bending ¥vaveguides /_—
! > 6

Y-junction waveguide

Fig. 7.13 Schematic diagram of a chrome mask with six symmetric Y-junctions,
twelve bent waveguides and six straight waveguides. The Y-junctions full angle is y
1°,1.5°2° 3° 4°and 6°. The mask is a dark-field.
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The straight waveguides were used to measure the end facets reflectivity r and r’, using the
technique described in section 5.7, as well as the attenuation in the straight sections. The
propagation loss of bent waveguides was measured as a function of bending angle ¥/2,

from the combination of the losses measured in the straight and bent waveguides.

7.6.1.2 Material Description:

A GaAs/GaAlAs double heterostructure wafer was designed and grown by MBE. Fig. 7.14
shows a schematic diagram of the layers structure, it consisted of a 1.2 um thick GaAs
(n=4.5x1014 cm-3) guiding region, a 4 um thick lower cladding layer of Gag 9Alg 1As
(n=1.5x1016 cm-3) and a 1.5 um thick upper cladding layer of Gag 75Alp.25As
(n=1.5x1016 cm-3 ). The epitaxial layers were grown on n+-GaAs substrate. The relatively
thick lower cladding layer was to isolate the evanescent field of the guided mode from the
high refractive index GaAs substrate. The reason for using a three layers structure and not a
multiple quantum well, is the simplicity of growing such material with a minimum number
of overgrowth defects and eliminate the possibility of increasing the optical propagation
loss due to the interface roughness between the wells and barriers in MQW materials.

GaAs capping (20A)

/

Fig. 7.14 Schematic diagram of GaAs/GaAlAs double-heterostructure material, the
epitaxial layers are n-doped and grown on n*-GaAs substrate by MBE.

71.6.1.3 Fabrication Details:

As we will see in the experimental measurements, strong lateral optical confinement was
required to reduce the propagation loss in bent and Y-junction waveguides, this was
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achieved by deep etch of the samples. The limited etching selectivity between the photo-
resist mask and GaAs/GaAlAs substrate (during the RIE with SiCly gas) may reduce the
effective width of the rib waveguide, due to the deterioration of the mask edges. Therefore,
a metal mask was used, which require a dark-field mask when a positive photo-resist was
used.

The straight, bent and Y-junction patterns were transferred to the GaAs/GaAlAs double
heterostructure material using the standard optical lithography and lift-off processes to
produce 2 pm and 3 pm linewidth stripes of a 500 A thick NiCr layer on top of the
samples. A mask aligner was used to align the pattern with respect to the cleaved edge of
the sample. The NiCr etching mask was subsequently removed using a wet etch of 1:1
HCI:HO for 45 seconds. Finally the etched samples were cleaved to produce mirror finish
facets.

7.6.1.4 Experimental Results:

The experimental set-up described in section 5.7.2, was used to measure the linear
propagation losses in the straight and bent waveguides. The linear propagation losses were
measured, using the Fabry-Perot technique, described in section 5.7.1, at a wavelength
A=1.153 um. Many samples were fabricated, with different etching depths. In samples
with a shallow etching depth =1.3 um, the bending loss at the corners of the waveguide
bends was very high. The Fabry-Perot cavity resonant cycles were suppressed completely
for corners with bending angle /2 equal to or greater than 2°. This was due to weak lateral
optical confinement in these stripe loaded waveguides, where the waveguide adjacent slabs
were not cut-off and a significant amount of the guided mode was penetrating in to these
adjacent regions. The bending loss in these structures was reduced significantly by
increasing the etching depth to =2.2 pum, i.e. increasing the lateral optical confinement. By
increasing the etching depth, the scattering loss from the sidewalls roughness increases,
due to the large overlap integral between the confined optical field and the sidewalls
roughness. In spite of the increase in the scattering loss, the overall insertion losses in the
bent waveguides was significantly reduced. After examining the deeply etched samples,
=~2.2 um, the 3 um rib width waveguides were found to be multimoded. Therefore only the
2 um rib width waveguides were considered.

The end facet reflectivity and propagation loss of the straight rib waveguides were
measured using the combination of Fabry-Perot and sequential cleaving techniques. The
propagation loss of the 2 pm rib waveguides with an etching depth 2.2 pm was 2.7 dB/cm

with a standard deviation of 0.5 dB/cm. The power reflection coefficient was R=27% with
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standard deviation of 1.5%.

The bending loss in the 2 um rib width single mode bend waveguides was measured as a
function of the bending angle /2. Fig. 7.15 shows the raw data for the propagation loss as
a function of the angle /2. The length of the sample was 7 mm. The 0° bending angle data
represents straight waveguides. Some of these waveguides showed a high propagation
loss, points shown as open squares. The straight and bend waveguides with high
propagation loss were examined, using the scanning electron microscope. It was found that
these waveguides pass through defects, as shown in Fig. 5.18. These defects are grown
during the material growth process in the MBE system.

8
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Bendingangle «/2 in degrees

Fig. 7.15 Bending losses in the 2 um rib width bent waveguides as a function of
bending angle y/2. Each waveguide had two bends, in which the two ends of the

waveguide met the cleaved edge at a normal angle. The 0° "bending" data represent
straight waveguides.

Fig. 7.16 shows the average bending loss for the 2 pm rib width bend waveguides as a
function of the bending angle, derived by subtracting the average propagation loss of the

straight waveguide, but ignoring points shown as open squares. The increase in the
bending loss as a function of the angle /2 is caused by the increase in the conversion of the

guided mode to a radiated mode, due to the change in the propagation direction, at the
corner of the waveguide bends.
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Fig. 7.16 The average bending loss as a function of bending angle y/2 (derived by
subtracting the average of the straight guide loss, ignoring points shown as open
squares in Fig. 7.15).

7.6.2 Y-Junction Waveguides

The symmetric and asymmetric Y-junction have both been theoretically modelled [18-20]
and experimentally investigated [21,22]. For purposes of design it is desirable to express
the propagation characteristics of the Y-junction in term of the physical properties of the
junction. In this section, the single mode symmetrical Y-junction transmission coefficient of
the fundamental TE-mode is described using the theoretical model developed by Anderson
[23]. The same theory was modified by Dr. J. Isaac [24] to model the TMy mode. The
analysis is designed for a two-dimensional single-mode Y-junction formed from three
identical planar waveguides, as shown in Fig. 7.17. When the lowest order TE mode
incident upon the junction from z<-L, it is required to find the power transmitted to the
output waveguides, the power reflected back in the input waveguide and the power radiated
from the junction to the surrounding medium. In this theory, the coupling between the two
output waveguides close to the junction is neglected. Also from a study carried out by
Marcuse [25], the transmission coefficient for long tapers (L>>W) is close to unity, i.e. the
reflection back of the propagating light along the taper is neglected.
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Fig. 7.17 Schematic diagram of a single-mode symmetrical Y-junction. It consists
of three parts, the input, taper and the output sections, the length of the taper is L.

With reference to Fig. 7.17, an incident mode Eyi on the junction at z=0 excites transmitted
and radiated modes 1Ey! and Ey*, respectively, in z>0. Due to the discontinuity presented
to the incident mode at z=0, there are reflected and radiated modes rEyi and Ey-,
respectively, in z<0. By matching the tangential electric and magnetic field components on
the plane z=0 and integrating the two equations over the z=0 plane (with respect to x) and
isolating T and r to give [23]:

T= BBfBb o jE (x, 0) E* (x, 0)dx (7.15)
r=g';gb (7.16)

where B3 and By are the propagation constants just before and after z=0 respectively. In
other word, the propagation constants for waveguides with thickness 2W and W
respectively. @ and W are the angular frequency and permeability respectively. The integral
part in Eq. (7.15) is determined in reference [23].

The fraction of the incident power transmitted, reflected and scattered are related by;
2 2
-1 R=] T+R+S=1

To be able to apply Anderson model to a Y-junction with rib waveguide, the effective index
method EIM is applied to convert the three dimensional structure to two dimensional
structure. A computer program was written by Dr. J. Isaac [24] to calculate the
transmission T as a function of the junction half-angle /2. Fig. 7.18 shows an example of
two Y-junctions with their rib waveguide cross sections. The rib width was 2 um with two
different etching depths 0.5 pm and 1.2 um. With reference to Fig. 7.18, to improve the
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transmission of the Y-junction with relatively large angle /2, an increase in the optical

confinement is required.

Normalised Y-junction Transmission

0 2 4 6 8 10
Y-junction Half Angle degree

Fig. 7.18 Normalised output transmission of a single-mode symmetrical Y-junction
as a function of the Y-junction half angle, for two Y-junctions with different lateral
optical confinements (i.e. different etching depths d as shown in the inset diagram).

71.6.2.1 Theory of the Fabry-Perot Resonator with a Y-Junction
Configuration:

Figure 7.19 shows a schematic diagrams of the two types of single-mode symmetrical Y-
junctions investigated in this work. In each case, the Y-junction is divided into three
sections. The input section is joined to the two branches in the output section through a
tapered section. In Fig. 7.19a the Y-junction output branches meet the cleaved edge at an
angle equal to half-angle of the Y-junction v, while in the device shown in Fig. 7.19b the
output branches always meet the cleaved edge at normal incidence.

The application of the Fabry-Perot cavity method to the Y-junction waveguide is more
complicated than in the case of a straight waveguide. In the later case there is a single
resonant cavity, while in a Y-junction the cavity is split into a composite cavity formed by
the two output branches of the Y-junction. As a consequence, in one propagation direction
the optical field is splitted into two parts of amplitudes, V& and V(1-8) in respective arms of
the Y-junction, while in the other direction they recombined with some phase difference ¢
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due to the difference in the optical path length of the two branches. This phase difference,
may be due to poor alignment of the Y-junction with respect to the sample cleaved edge, or
improper cleaving of the sample or any other fabrication errors in the mask or optical
lithography. The two resonant cavities formed by the output waveguide branches of the Y-
junction are strongly coupled.

input sec. taper sec. output sec.

>I r
N
Branch 1

Fig. 7.19 Schematic diagram of a single-mode symmetrical Y-junction, the output
arms meet the normal to the end facets at an angle +Y/2 in (a) and at zero angle in

(b).

In the general case where the Y-junction is asymmetric, the optical power transmission of
the Fabry-Perot Y-junction cavity can be derived, in the same manner as for the case of a
straight waveguide cavity described in section 5.7.1, from the convergent geometric series
obtained by adding wave amplitudes due to successive reflections. Assuming perfectly
coherent, monochromatic light, the resonant (Tg) and antiresonant (T4) transmissions of
branch 1 and branch 2 are:
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where I is the effective input intensity and includes terms due to input and output coupling
efficiencies, r and r' are the amplitude reflection coefficients of the input and output facets
of the Y-junction. { is a single-pass wave amplitude attenuation factor ( = {1203 ), where
€1, C2, L3 are the single-pass wave amplitude attenuation factors of the input, taper and
output sections of the Y-junction respectively. V8 and V(1-8) are the amplitudes splitting of
the input field between the two branches 1 and 2, respectively, of the Y-junction and ¢ is
the relative phase difference between the two output branches of the Y-junction.

In this model, the co-directional coupling between the Y-junction two branches has been
included. As the optical field in the Y-junction two arms are reflected back from the output
facet r' with relative phase difference ¢, the co-directional coupling between the two fields
close to the junction will generate the symmetric (even) and antisymmetric (odd) modes in
the taper. In the single mode straight section, only the even modes will be transformed into
the fundamental mode. The odd modes will be radiated into the substrate.

The single-pass loss I'k (dB) of the Y-junction is obtained from the ratio

Ki2=(Tr)1,2/(TA)1,2

VK -1
VK +1

]
lrr](+/8 ++/(1-8) cos? ¢)]

I (dB) =—20 Log{ =-10 Log[

(7.17)
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In the case of symmetrical Y-junction, K should be the same for both output branches 1 and
2, i.e. K1=K».

From Eq. (7.17), the assessment of the single mode Y-junction propagation losses requires
the measurements of the followings;

1) The resonant and antiresonant output cycles of the transmission of the two cavities
formed by the Y-junction branches.

2) The relative phase difference between the two outputs of the Y-junction.

3) The input and output facets reflectivitiesr and r'.

4) The split ratio between the two branches of the Y-junction.

In the early stage of this work, Y-junctions with similar configuration as the one in Fig.
7.19a were used. In these devices, the input and output facets reflectivity were assumed
equal. This assumption was not valid (r#r') as it was proved experimentally in section

5.7.3. Therefore the propagation loss in Y-junctions shown in Fig. 7.19b, was measured
as a function of the angle v.

7.6.2.2 Fabrication Details:

The fabrication procedures of transferring the chrome mask pattern (of Fig. 7.12) onto
A118 GaAs/GaAlAs double heterostructure is described in section 5.3. One problem was
emerged in the fabrication of the Y-junctions using a dark-field mask, namely the
diffraction of UV light at the wedge of the Y-junction, which produced a blunted Y-junction
tip. This was a serious problem as it increased the scattering losses of the Y-junction [18].
The diffraction of the UV light during exposure happens when there was an air-gap
between the mask and the sample. Therefore, the following precautions were taken during
the fabrication process:

1) Removal of the thicker photoresist at the edges of the coated sample, by rubbing the
edges with a cotton pud (soaked in acetone).

2) To obtain a good contact printing, a uniform hard pressure was applied onto the sample.
This was achieved by balancing heavy weights on the top of the sample.
3) Optimise the exposing and developing times of the optical lithography.
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Fig. 7.20 shows SEM photographs of sharp and blunted tips of Y-junctions.

Fig. 7.20 SEM photographs ofsharp and blunted tips of Y-junctions.

7.6.2.3 Experimental Measurements:

Single- and Multi-mode Mature of the Y-Junction:

The model field profile of the waveguides were examined using a Hamamatsu camera. The
scan of the intensity profile in the transverse and lateral directions can show if the
waveguide is a single- or multi-mode. This can mislead when the waveguide is highly
multi-mode and/or the output is intense. In this case the output intensity profile of the
waveguide will be the superposition of all the modes which may look like a Gaussian

profile as that of the fundamental mode.

In Y-junction waveguides, the single- and multi-mode nature was examined by traversing
the laser beam across the rib width of the input guide. By doing this, if the output intensity
from the two branches of the Y-junction shows a progressive increase and decrease then the
Y -junction is multi-mode. This is due to the coupling between the local normal modes in the
branching waveguides. Fig. 7.21 shows the output transmission of the two branches of the

Y-junction when the input beam is moved from one edge to the centre then to the other edge
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of the rib width of the waveguide. In a single-mode Y-junction, the output light intensities
is evenly distributed between the two output branches regardless of the input laser beam
position.

Output Transmissions and Phase Measurements of the Fabry-Perot Y-
Junction:

The output from the two arms of the Y-junction were detected using two identical Ge-
photodiodes connected to two lock-in amplifiers, the outputs of the two lock-in amplifiers
were recorded on a two channel chart-recorder. As in the case of straight and bent
waveguides, the Fabry-Perot resonant/antiresonant cycles of both output cavities were
recorded simultaneously during cooling of the sample. We have seen in section 5.7.2.3,
that the drop in the sample temperature, after removing the heat source, with time was not
linear, so that the change in the optical length was also not linear with time and the
periodicity of Fabry-Perot cycles changed with time. Therefore the relative phase difference
between the two arms is time dependent, this increases the experimental error. Typical
results are shown in Fig. 7.22, the cycles of the Fabry-Perot were recorded during and
after heating the sample. For accurate measurement of ¢, it was important to keep the
periodicity of these cycles more or less constant with time. This was achieved by recording
the output intensities of the two Y-junction arms while slowly heating the sample. In this
way, it was possible to measure ¢ to an accuracy of +10°. Fig. 7.23 shows the cycles of
Fabry-Perot as recorded during slowly heating the sample. The values of K; and K», the
ratio of resonant to antiresonant transmissions, K = TR/T A, were calculated from the
Fabry-Perot cycles of the outputs of arm 1 and arm 2 of the Y-junction respectively.

Power Split Ratios 6 and (1-8) Measurement:

One of the key parameters which influences the output response of the nonlinear integrated
asymmetric Mach-Zehnder interferometer is the split ratio 8:( 1-8) between the two arms of
the device. The power split ratio 8 and (1-d) in the single mode symmetrical Y-junction was
measured directly by observing the intensity of the output light from each arm. As any
resonance (i.e. multi-reflections within the Y-junction cavity) would complicate such
measurement, an absorbing layer was put on top of the Y-junction waveguides.
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Fig. 7.21 The variation ofthe intensity distribution between the two output arms of
a multimode Y-junction as the input laser beam moves across the lateral axis ofthe

input endfacet of'the Y-junction.
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Fig. 7.22 The resonant/nonresonant cycles of the two outputs of a single mode Y-
junction, produced by fast heating of the sample.
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Fig. 7.23 The resonant/nonresonant cycles of the two outputs of a single mode Y-
junction, produced by slowly heating of the sample.
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The deliberate suppression of the resonance was achieved by coating the top surface of the
sample with a sheet of metal by one of two techniques. Either by melting indium directly
onto the sample or vacuum evaporation of NiCr, both of which were easy to remove from
the sample later. The power splitting, in these single-moded waveguide Y-junctions, was
less sensitive to the lateral position of the input laser beam across the rib width of the Y-
junction input waveguide facet.

Experimental Results:

Only single mode Y-junction waveguides, with 2 pm rib width and 2.2 pm etching depth
were considered. The Y-junction experimental measurements of the phase difference ¢, the
power split between the two arms & and (1-8) and the measured end facet reflectivities, r
and r', of the straight waveguide were applied to Eq. (7.17). Two values for the Y-junction
transmission losses were calculated from K1 and K3 values, i.e. the ratio of the resonant to
antiresonant transmissions of arm 1 and arm 2 respectively.

Figure 7.24 shows the raw data of the losses measured for the 2 pm single mode
symmetrical Y-junction as a function of the full angle y of the Y-junction, the two values of
the propagation loss, derived from Kj and Kj, agree well. As the Y-junction angle y
increased, the propagation loss increased. This loss was due to the radiation loss at the Y-
junction angle and it increases dramatically when the tip of the Y-junction is blunted [18].
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Fig. 7.24 Propagation losses in a single-mode symmetrical Y-junction as a function

of the full branching angle g.
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The lower propagation loss in the Y-junction with an angle y=3° was thought to be due to
the sharper wedge tip of the Y-junction compared to the rest of the Y-junctions, as
confirmed by scanning electron microscope observations. Fig. 7.25 shows the same data as
in Fig. 7.24 after subtracting the attenuation in the input and output sections of the Y-
junction, {1 and {3 respectively, and the bending loss at the corners of the output arms.
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Fig. 7.25 Same results as in Fig. 7.26 after subtracting the attenuation in the input
and output sections of the Y-junction and the bending loss at the corners of the Y-
Jjunction output arms.

7.7 Switching Operations of GaAs/GaAlAs Quantum Well Integrated
Mach-Zehnder Interferometer:

As we have seen in the theoretical model of the AM-ZI, to achieve a switching in such
device, a relative phase difference of &t rad between the two arms of the AM-ZI has been
generated. This can be achieved by two means; either using the electro-optic effects or the
nonlinear intensity dependent refractive index change in GaAs/GaAlAs quantum well

materials. Our main target was to achieve a switching action in such device using nonlinear
all-optical switching.
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7.7.1 Switching Operation Using the Electro-Optic Effects:

We have seen in sections 2.4 and 2.5 that in semiconductors, an applied electric field across
the epitaxial layer produced a simultaneous change in the semiconductor's optical
attenuation and phase retardation. At certain wavelengths, the loss and phase components
are comparable in size. In this section, their sizes were examined simultaneously, this was
achieved by comparing the output response of the active symmetrical Mach-Zehnder
interferometer SM-ZI and that of the straight waveguide as a function of the applied electric
field strength. In the active SM-ZI, the input and output Y-junctions are symmetrical, and
the split ratio between the two arms of the device are equal.

7.7.1.1 Design Considerations and Fabrication Procedures:

One of the main problems in the design and fabrication of an active nonlinear integrated M-
ZI was the electrical isolation of the electrodes from the rest of the device. These active
devices were fabricated in GaAs/GaAlAs QT147 SQW p-i-n structure. The electrical
isolation required to etch or passivate the p-doped GaAlAs upper cladding layer down to the
intrinsic layer. This was achieved by two techniques, accordingly two masks were
designed. Fig. 26 shows a schematic diagram of the active M-ZI used in the first mask,
referred to as mask 1, and the cross section of the profile of the final device. The length of
the electrodes was defined by short gaps (t=1.5 um ). The electrical isolation of the
electrodes was achieved by etching through the p-type upper cladding layer. In this case the
etching depth of the gaps was equal to that of the rib height of the device. This increased the
device insertion loss due to the scattering loss at the gaps. When deep etching was required
to reduce the bending loss, i.e. etching through the QW guiding region, the scattering loss
increased significantly.

In the second mask (referred to as mask 2), there were no gaps in either arm of the M-ZI.
The electrical isolation gaps were created later in the device and isolation of the electrodes
was achieved by using a combination of dry etching and hydrogen passivation of the p-type
GaAlAs upper cladding layer [26]. Fig. 27 shows a schematic diagram of the fabrication
steps of an active M-ZI device, using mask 2.

Selective deposition of the p-type ohmic contact on the M-ZI arms was achieved by using a
copper plate with windows aligned over the required area of the sample to be metalised.
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Hydrogen passivation was achieved by exposing the samples to a hydrogen plasma in an
Electrotek 340 plasma etch under the following conditions: Hydrogen gas flow 25 seem,

pressure 10 mTorr, R.F. power 100 watts, D.C. self bias 875 V, time 20 minutes.

The samples were annealed at 360 °C for 45 sec in an Ar-ambient to form the p- and n-type

ohmic contacts. Finally, the samples were cleaved to obtain mirror finished facets.

In the design structure of the p-i-n GaAs/GaAlAs QW materials, the i-region was extended
to the cladding layer, as shown in the schematic diagrams of QT147 SQW and #A163
M QW in section 4.3. This allowed us to achieve electrical isolation without the need to etch

through the guiding region.

Investigation of the propagation losses in M-ZI devices fabricated by using mask 1 and
mask 2 showed a large difference in the results. Although the second method of fabrication
(mask 2) was much more complicated than the first one, the throughput of the M-ZI device

was better.

Air gaps
t=1.5jim
p-type
ohroic contact
A p-type GaAlAs
SQW
guiding region i-region GaAlAs

- n-type GaAlAs

___ n-type
ohmic contact

Fig. 7.26 Schematic diagram ofan active symmetric Mach-Zehnder and the cross
section of the layers structure and the etching depth of the device. The air gaps
depth is extended beyond the p-ijunction to achieve an electrical isolation between

the two arms of the device.
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Fig. 7.27 Schematic diagram of an active symmetric Mach-Zehnder with a

selectively deposited electrode. From the fabrication stages of the device, an

electrical isolation ofthe electrodefrom the rest ofthe device is achieved by using

the combination of'the dry etching and the hydrogen passivation techniques without

the need to etch beyond the p-ijunction.
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7.7.1.2 Experimental Measurements:

Integrated SM-ZIs and straight Waveguides with 2 pm and 3 p.m rib width were fabricated
in QT147 SQW, using mask 2. The first etching depth was =1.4 pm and the second etch
depth was =0.8 Jim. Therefore, the final rib height was 2.2 pm and the depth of the
electrical isolation gap was only 0.8 pm The length of the sample was 2 mm and the length

of the electrode was L=400 pm.

The electrical isolation between the two arms of the integrated SM-ZI was measured using
the configuration shown in Fig. 7.28. A reverse bias voltage was applied across arm 1 Vs,
whilst the voltage Vm across arm 2 was monitored. The sample was exposed twice to the
hydrogen plasma (each time for 10 minutes ). Measurements were carried out on the sample
before and after exposure to hydrogen plasma. An etching depth of 0.8 p.m through the p-
type GaAlAs layer followed by 20 minutes of exposing the sample to hydrogen plasma
shows a complete electrical isolation between the two electrodes of the interferometer. The

monitored voltage Vm was 1.5 V for an applied voltage Vs=22 V.

p-type
Arm?2 ohmic A
p-type p-type hydrogen
MON passivation
n-type
n-type

ohmic contact

Fig. 7.28 Schematic diagram of the circuit arrangement used to measure the
electrical isolation between the electrodes of the two arms of the active Mach-

Zehnder interferometer.

The end-fire coupling system described in section 5.7.2, was used to couple the CW
tuneable Ti:sapphire laser into and out of the SM-ZI. The output transmission was

monitored using a Si photodiode. All the measurements were made at photon energies
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below the e1-1h1 excitonic transition, <40 meV, for the TM-mode.

The phase and amplitude modulation in the integrated SM-ZI have been investigated as a
function of the applied reverse bias voltage, at photon energies well below and close to the
QT147 SQW band gap. The size of the phase and absorption coefficients have been
measured. This was achieved by comparing the measurements of the output transmission of
the SM-ZI with that of the straight waveguide, as a function of the applied reverse bias
voltage. The length of the electrodes was the same for both the straight waveguide and the
SM-ZI, L=400 pm.

7.7.1.3 Results:

The absorption change Ao(cm-1), in the straight waveguide and SM-ZI, was measured as a
function of the reverse bias voltage Vy, at a discrete photon energies, close to the SQW
absorption edge, as is shown in Fig. 7.29 and Fig. 7.30, respectively. The measured
absorption change in the straight waveguide, Fig. 7.29, shows the expected increase in
absorption associated with the red shift of the exciton peak via the quantum confined Stark
effect (QCSE) [27]. The same effect is shown in results presented in section 6.3.2.2. Fig.
7.30 shows the same measurements for the SM-ZI device, at the same photon energies.
The bias voltage was applied across one arm of the device.

From the comparison of the two above measurements, it is clear that, for a given bias
voltage and photon energy, the change in absorption in the integrated SM-ZI is half that of
the straight waveguide. These results shows that the modulation of the propagating light in
the SM-ZI was due to only the electro-absorption effect and there was no extra modulation
caused by the electro-refraction effect.

The results were confirmed by testing the electro-optic switching of the SM-ZI at photon
energy well below the SQW absorption edge (A=1.15 pum ). The output transmission of the
SM-ZI showed no modulation as a function of applied reverse bias voltage. Therefore, the
GaAs/GaAlAs SQW material has no or very small electro-refraction effect. These results
agrees with that in section 6.3.2.2, where the electro-refraction effect was measured using
the external Mach-Zehnder interferometric set-up.

At photon energies close to the material absorption edge, the break down reverse bias
voltage of the active M-ZI devices was reduced dramatically, depending on the intensity of
the laser beam, due to the photogenerated carriers in the intrinsic region. Fig. 7.31 shows
an SEM micrograph of a blown device
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Fig.7.29 The absorption change Ao(ctl) in the straight waveguide measured as a
function of the reverse bias voltage Vv, at a discrete photon energies close to the
SQW absorption edge. The rib width and etching depth were 3 um and 1.4 pm
respectively. The length of the electrode was 1.=400 pm.
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Fig 7.30 The absorption change Aa.(cm-1) in the symmetrical Mach-

Zehnder interferometer measured as a function of the reverse bias voltage Vy, at a
discrete photon energies close to the SOQW absorption edge. The rib width and
etching depth were 3 um and 1.4 um respectively. The length of the electrode was
L=400 pum.
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Fig. 7.31 SEM micrograph ofa blown pad ofa M-ZI active device.

7.7.2  All-Optical Switching Using the Resonant Nonlinearitv in
GaAs/GaAlAs Quantum Well Material:

The intensity dependent refractive index change in GaAs/GaAlAs single quantum well
material has been used to achieve switching in the integrated AM-ZI. In this section, the
switching performance of the AM-ZI was examined using both CW and ultra short pulse

lasers.

The mask design used for these experiments consisted of straight, asymmetric Y-junctions
and AM-ZIs waveguides, the linewidth of these devices was 3 (im. The mask consisted of
five asymmetric Y-junctions, five AM-ZI's and four straight waveguides. In the Y-
junctions and AM-ZI's, the bends were designed with two sequential bends with bending
angle half the Y-junction full angle. This was to reduce the bending loss. The Y-junction

full angle y was 1°, 1.5°, 2°, 2.5° and 3°, the length of the segment 200 qm. The separation
between the two arms of the AM-ZI was large enough to avoid any coupling caused by the

evanescent field of the guided modes in the two arms.
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in section 4.3, by using the standard optical lithography and lift-off processes followed by
RIE, using SiCly gas.

71.7.2.1 CW Switching Operation:

A CW pump-probe experimental set-up was used to test the switching operation of the AM-
Z1, as shown in Fig. 7.32. The probe beam was a semiconductor diode laser and the pump
beam was the tuneable Ti:Al,O3 laser. The Sharp diode laser was GaAs/GaAlAs
heterostructure, the operating wavelength was A=830 nm at a room temperature. A
temperature controller with a feedback loop circuit were used to keep the temperature
constant within +0.25 °C. The probe beam was chopped at 800 Hz and the pump beam at 1
Hz. The wavelength of the tuneable Ti:Al2O3 laser was chosen close to the excitonic peak
of the #A187 SQW material, A=850 nm. The two beams were linearly polarised (TE) and
couples into the AM-ZI device by using endfire coupling and at the output they were
separated by using a diffraction grating. The probe beam was focused onto a Si-photodiode
connected to a lock-in amplifier and then to a chart recorder.

CW. Ti:Sapphire
tunable laser

Temp. controller chopper 1 Hz
1 KHz 4

Semiconductor _ w1 @ i - - - D %Bs

laser A =830 nm

~Jreference signal

(_)_( Lock-in Amp. )L M
0 ~

Chart recorder

Si detector

grating

Fig. 7.32 Pump-probe experimental set-up used to test the all-optical switching of
the asymmetric Mach-Zehnder devices. The pump beam was a CW Ti:sapphire laser
and the probe beam was a GaAlAs semiconductor laser, the two beam were
separated at the output by using a grating.
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Fig. 7.33 shows the probe output transmission of the AM-ZI when the pump beam was on
and off at a rate of 1 Hz. The rib width of the AM-ZI device was 3 pm, etching depth 1
pm, Y-junction full angle 3° and the split ratio 8:(1-8) was around 0.25:0.75. As the pump
beam was off (i.e. blocked ), the probe output transmission was steady and when the pump
beam is lunched into the AM-ZI the probe output transmission is modulated at the same rate
as that of the pump beam with a 34% amplitude modulation. The intensities of the probe
and pump beam were =50 pW and =70 mW respectively. The switching operation of the
AM-ZI can be attributed to a combination of electronic and thermal effects.

A

without zhe_-:l With the pump beam —
cump ceam P

Probe output Transmission (arb. scale)

Time (arb. scale)
Fig. 7.33 The probe output transmission of an AM-ZI when the pump beam was
on and off at a rate of 1 Hz. The rib width of the AM-ZI device was 3 um, etching
depth 1 pum, Y-junction full angle 3° and the split ratio 6:(1-68) was around
0.25:0.75.

7.7.2.2 Ultrashort Pulse Switching Operation:

The investigation of the switching operation of the integrated AM-ZI using the resonant
opto-electronic effects requires the elimination of the opto-thermal effects. This was
achieved by testing the AM-ZI with ultrashort pulses =50 ps at a repetition rate of 13 ns,
much longer than the recombination time of the photo-generated carriers. These pulses were
generated using the actively mode-locked tunable Ti:sapphire laser.

The experimental set-up described in section 6.3.1.3 was used. The pump beam was TM
polarised and orthogonal to the TE polarised probe beam. The delay time between the pump
and the probe pulses was zero, and the photon energy was 1.452 eV. The intensity of the
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pump beam was varied by using a combination of an electro-optic modulator and polariser,
as described in section 6.3.1.2.

Fig. 7.34 shows the theoretical (solid line) and experimental (square points) of the
normalised probe output transmission of the AM-ZI as a function of the pump peak
intensity (W.cm-2). These results can be explained in term of the intensity dependent
absorption and refraction saturations in the AM-ZI. As the pump-beam intensity increases,
the absorption saturates and the output transmission increases. At high pump intensity the
absorption saturates completely, and the AM-ZI output transmission decreases due to the
change in the relative phase difference between the two arms, via the intensity dependent
refractive index change. These results follow the theoretical prediction of the response
function of the resonant AM-ZI derived in section 7.3.2. As predicted by equations 7.6-
7.8, the AM-ZI does not switch off completely due to the relative difference in the
saturation of absorption between the two arms, caused by the difference in the intensities
resulting from the asymmetric split ratio.
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Fig. 7.34 The solid line is the theory described in the text fitted to the experimental
results of the normalised probe-beam output transmission of the integrated
asymmetric Mach-Zehnder interferometer as a function of the input pump-beam
intensity. The delay time between the pump and probe pulses was zero and the
photon energy was 1.452 eV. The AS-MZI Y-junction full angle was 2° and the
split ratio between the two arms was 0.3:0.7.
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The same measurement was repeated for different delay times between the pump and probe
pulses (At = 12.5 ns), the probe output transmission of the AM-ZI was constant with the
pump input peak power density. This was a clear indication that the underlying mechanism

was non-thermal in origin.

7.7.2.3 Comparison of Theoretical and Experimental Results:

With reference to Fig.7.34, the output response of the resonant AM-ZI, was calculated
using Eq. (7.8). The parameters 8=0.3, Igsar=1011 W/cm2, np= 1.4x10-8 cm2/W
length=0.2 cm, 0p=65 cm-1, A=854 nm have been obtained experimentally. The parameter
Igsat is obtained from the absorption saturation measurements in the straight waveguide.
Insar and O are taken as adjustable parameters whose values are 4x105 W/cm?2 and =/10,

respectively.

The plot shows qualitative agreement with the experimental results. However, the
following aspects are worth noting, the Iy g5 value is much smaller than Iygs;. The small
value of Igy is an unexpected result since from previous work on MQW nonlinearities [28]
indicates that Iyga and Inga arise from the same mechanism and therefore should have the
same value. If the same saturation intensity as the absorption nonlinearity is used in our
model then the device should go through several switching cycles in the intensity range
shown in Fig. 7.34, where only one switching cycle is observed. It has been observed [29]
in other waveguide devices that, for the refractive nonlinearity, even at short times the
thermal mechanism competes with the electronic mechanism and this may account for the
small value of Ipg, although clearly this aspect deserves further investigation. In this
respect a significant difference between the quantum well employed here compared to [28]
is that nonradiative traps, the surface states, have been introduced close to the quantum well
to reduce the carrier recombination time this will result in increased heating and therefore
thermal effects are expected to be more significant in our results than in [28]. Furthermore
equation (7.8) was derived from a CW theory of the operation of the device, while the
experimental results are from pulsed operation and there could be several effects associated
with averaging over the pulse duration which may alter the operating characteristics of the
device. The pulse operation of the device requires more extensive computer modelling than
we have presented here. In general the model reproduces the main features of the results
but does not give a detailed fit.
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7.8 All-Optical Switching Operation Using Nonresonant
Nonlinearity in GaAlAs Waveguides:

We have seen in the previous section that the AM-ZI, utilising resonant nonlinearity for all-
optical switching, is not an attractive device. Due to the small throughput of the device,
caused by the large absorption near the material band gap, and full switching is not
possible, caused by the saturation of the nonlinear absorption and refraction effects. For
these reasons, our interest was directed towards use of the nonresonant nonlinearity for all-
optical switching of the AM-ZL. In spite of the high power density required to achieve
relative phase difference of m, the recovery time of nonresonant nonlinearity is ultrafast
(few 10's fs).

Nonresonant nonlinear AM-ZIs were fabricated and demonstrated in A293 Gag g2Alg.18As
material, described in section 4.3. This material was fully characterised and a figure of
merit | (N=PA/n2) =0.38 was obtained at a photon energy below half the band gap of
Gag g2Alp.18As, in section 6.5.3. This suggested that the material was suitable for all-
optical switching of the AM-ZI (n<2). In the following sections, the design structure and
operation of the nonresonant nonlinear AM-ZI below half the band gap of Gag g2Alg.18As
are presented.

7.8.1 Mask Design:

Due to the small nonresonant nonlinearity, a high power density over a long interaction
length is required to obtain a relative phase change of « rad in the AM-ZI for switching.

Each arm of the device consisted of two segments, which formed two sharp corners with
bending angle y/2, where 1y is the asymmetric Y-junction full angle. This was to reduce the
over all bending loss. The Y-junction full angle y was 0.5°, 1°, 1.5°,2°, 2.5°, 3° and 4°. The

length of the two segment were 0.4 mm and 1 mm. The chrome mask consisted of four sets
of AM-ZI with linewidths W=2 um and 3 um and the effective lengths of the AM-ZI arms

were L=5 mm and 7 mm. In each set there were four straight lines for the purpose of SPM,
TPA and linear absorption loss measurements.

7.8.2 Experimental Measurements:

A293 GaAlAs heterostructure material, described in section 4.3, was used to explode the
nonresonant all-optical action in AM-ZI, at photon energies below half the band gap.
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Optical lithography was used to transfer the chrome mask pattern into S1400-31
photoresist. The patterned samples were etched in Plasmatech RIE80 reactive ion etching
RIE using SiClg gas.

The linear propagation losses was measured in a straight waveguide using Fabry-Perot
technique, described in section 5.7. In waveguides with rib width and etching depth 3 pm
and 1.6 pm respectively, a=1.710.15 cm-1. The split ratio between the two arms of AM-
ZI was measured, after cleaving the AM-ZI into two Y-junctions, and deliberately suppress
the multireflections inside the Y-junction, by depositing an absorbing layer of NiCr, as
described in section 7.6.2.3. This was achieved by directly observing the intensity of the
light output from each arm of the Y-junction.

Ultrashort pulses having a duration of 330 fs, at full width half maximum FWHM, were
generated using a synchronously pumped coupled-cavity mode-locked KCI:Tl colour centre
laser, as described in section 5.11, at a wavelength A=1.52 pm and a repetition rate of 82
MHez. It was also possible to operate the laser without the couple-cavity section, the pulses
were then 30 ps with the same range of average power. The pulse duration was measured
by using a second harmonic generation autocorrelator.

A single beam experiment was used to examine the AM-ZI as an all-optical switch, the
experimental set-up is described in section 6.5.3.1. This was achieved by monitoring the
output transmission of the AM-ZI as a function of the input light intensity. The peak power
of the input pulses was varied by using a motor controlled attenuator wheel. The output of
the waveguides was spatially filtered by focusing through a <0.5 mm diameter aperture
positioned =1.5 m away and detected with a calibrated Ge-detector. The far field mode
profile of the waveguides output was examined and plotted using a Hamamatsu C1000
camera connected to a computer for data logging. It was confirmed that these waveguides
were single mode.

7.8.2.1 Results and Discussions:

Fig. 7.35 shows a plot of the experimental (dots) and theoretical (solid line) results of the
normalised output transmission as a function of the average input power (i.e. the estimated
input power in the device was after taking into account the coupling efficiency and input
facet reflectivity). The Y-junction full-angle of the AM-ZI was y=3° and the length of the
arms was L=0.5 cm. The split ratio between the two arms 6:(1-3) was 0.18:0.82. The open
circles were for the normalised output transmission of the device for input pulse duration of
30 ps while the rest of the data points were for pulse duration of 330 fs. As the peak power
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was increased by a factor of 100 (in the case of Tp=330 fs ), a relative switching of more
than 80 % was achieved at an average power of =8.5 mW (i.e. peak intensity=3.92
GW/cm2 ). From the measured nonlinear refractive index coefficient ny=5.4x10-14
cm?/W, the relative difference in refractive index between the two arms was An=+1.4x10"
4. This is equivalent to a relative phase difference of T between the two arms of the AM-ZIL.

1.2
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Fig. 7.35 The experimental (dots) and theoretical (solid curve) results of the
normalised transmission of the GaAlAs integrated asymmetric Mach-Zehnder
interferometer as a function of the average input power in the device for both 330 fs
pulses and 30 ps pulses. For the 330 fs pulses, the switching intensity in the
waveguide at an average power of 8.5 mW is 3.92 GW.cm™2.

From the results of the AM-ZI, the nonlinear refractive index coefficient was estimated to
be n2~5.86x10-14 cm2/W, which was calculated using Eq. (7.3). This value agrees well
with that obtained from the SPM measurements in section 6.3.5. It is also consistent with

the value of np = 3.6 (0.5)x10-14 cm2/W of reference [30] measured in GaAlAs
waveguides with an Al concentration of 20% and at wavelength of 1.6 um. In Fig. 7.35,

the incomplete switching was due to the different parts of the recombined pulses (at the
output Y-junction of the AM-ZI) experienced different effects because the response time of
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the nonlinear optical mechanism is shorter than the pulse width. In other words, the centre
of the pulse experiences destructive interference (i.e. due to a w relative phase difference
caused by the SPM) while the wings of the recombined pulses remain in phase (we have
observed similar pulse break up in the nonlinear directional coupler [31]). Therefore, due to
the low power at the wings of the recombined pulses, the AM-ZI does not switch
completely. This explanation is confirmed by our theoretical results (solid curve), which
was obtained by using a sech2 pulse profile and integrate Eq. (7.2) over the pulse width.

From Fig. 7.35, the fact that the 30 ps pulses do not induce switching at the same average
power as the 330 fs pulses eliminates the possibility that the switching is due to thermally
induced refractive index changes. Furthermore, this is confirmed by the symmetrical
spectral broadening in the SPM measurements and the fact that np measurements from the
device are consistent with our SPM results and those of reference [30].

In summary, an ultrafast all-optical switching in an integrated asymmetric Mach-Zehnder
interferometer has been demonstrated by exploiting the nonresonant nonlinearity in
Ga(.82Al(.18As for photon energies below half the band gap. A relative switching
fraction of more than 80% has been achieved using 330 fs pulses at around 1.55 pm from a

coupled-cavity mode-locked colour centre laser.

7.9 Conclusions:

In this chapter, the operation mechanism and theoretical modelling of the single-mode, AM-
ZI were described, using the local normal-mode description and scattering matrix model,
respectively. The linear characterisation of the AM-ZI was also investigated, this included
the measurement of the propagation loss of the Y-junction and bend waveguides. Finally,
the switching action of the AM-ZI was examined using the electro-optic effects and
intensity dependent refractive index change in GaAs/GaAlAs materials.

The operation of the nonlinear AM-ZI switch which utilises the resonant nonlinear effects in
GaAs/GaAlAs SQW and the nonresonant nonlinear effect in GaAlAs were successfully
demonstrated. In the resonant device, a switching of only 10% at an input peak intensity of
~(0.25 GW.cm-2 was achieved. The poor switching performance of the device was due to
the absorption saturation effect. In the nonresonant nonlinear device, a switching of more
that 80% at an input peak intensity of 3.92 GW.cm2 was achieved. The later device
operated at a photon energy below half the band gap of the GaAlAs material, at the
wavelength of the low loss telecommunication window of 1.55 pum.
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Chapter 8

Nonlinear Integrated Directional Coupler

8.1 Introduction:

In this chapter two types of nonlinear directional couplers are investigated, namely the
resonant and nonresonant version. In the resonant directional coupler, an electric field was
used to shorten the recovery time of the resonant nonlinearity by sweeping the
photogenerated carriers from the GaAs/GaAlAs QWs region.

8.2 Operational Mechanism and Theoretical Modelling of the Directional
Coupler:

When two identical, parallel waveguides are separated from each other by a small distance,
the propagating electromagnetic wave in guide 1 will be coupled into guide 2 and vice-
versa. The transfer of energy between the two guides occurs only if the separation is small
enough for the evanescent fields of the waves in the two guides to overlap, and the phase
matching condition of equal propagation constants B1=B2=P is satisfied. The coupling
action in a lossless linear directional coupler (LDC) can be modelled using coupled mode
theory[1].

Consider to waves of amplitudes a; and ap propagating in guide 1 and guide 2, which in

the absence of coupling have propagation constants B; and B2. For such propagating

waves we can write:
' da2 .
T =By & =B,

As the two guides are brought close to each other, such that the evanescent fields overlap,
the amplitude a; will be altered by a3 and vice-versa, leading to:

da, _
dz = -iBa;+K, A, (8.1)
da, ,
gz - JBAatK.a, (8.2)
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where Kj; is the coupling coefficient between the two guides. The behaviour of the LDC
can be modelled by solving these two coupled mode equations. Assuming an initial
conditions such that, an optical power | a1(0)| 2=Pg is coupled into guide 1 and | ap(0)| 2=0.
Therefore, the power emerging from guide 1 and guide 2, at a length L are given by[1]:

.COS [\/ (k?-35%). ] (8.3)

P(L) =P

| K
| (k2 -5%) |
P,(D =P, -P(L) (8.4)

where O is the mismatch between the two guides, P1(L)=l a1(L)| 2 and Pa(L)=| ap(L)| 2. If
0=0 (i.e. the two waveguides are identical B1=B,=P) then the optical power in guide 1 will
be transfered to guide 2 after a distance L, known as the coupling length, where KL¢=n/2

or:

L,;% (8.5)

The optical power will be transfered back to guide 1 after a distance 2L:. Egs. 3 and 4
shows that if 80 (i.e. the two guides are not identical B1#B2) then a complete transfer of

power between the two waveguides is not possible.

The coupling coefficient K between the two waveguides can be expressed in terms of the
physical dimensions of the directional coupler[1]. This was achieved by evaluating the
overlap integral of the fields in the two waveguides and results in:

2k?(n2 - n?) k. cos?(k.W/ 2 N
K = o(n3 —n?)k, (k, )e—k‘(‘ W) (8.6)

B(g + %)(kf +K2)

where
2

S R K =2k - B
where ng and n) are the refractive indices of the guiding and cladding regions respectively,
W is the width of the coupled waveguides and s is the spacing between them. Equation 6
shows the dependence of the coupling coefficient, K, on the separation between the two
coupled guides, s, as well as the step index difference between the guiding and cladding
regions (An=ng-nj). In a directional coupler with rib waveguides, the coupling coefficient
can be evaluated by converting the two-dimensional, stripe waveguide, structure into one-
dimensional, slab waveguide, structure using the effective index method (EIM).
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8.2.1 Switching Operation of the Directional Coupler:

The coupling length, L of a directional coupler can be obtained by cleaving and testing the
samples sequentially until the device is at a cross-over state ® (i.e. the input light in guidel
emerges from guide2 at the output). Once a coupler which is in the crossed state is realised,
it is then possible to make the device switch. This can be achieved by perturbing one of the
guides, e.g. changing the refractive index, An, so that the phase-match condition is broken.
Switching of a directional coupler has been demonstrated [2] using electro-optic effect, by
applying a revers bias to one of the waveguides.

Another way of causing the directional coupler to switch is by means of intensity dependent
refractive index change [3,4] An=njl. Fig. 8.1 shows a schematic diagram of a nonlinear
directional coupler. One of many application of such a device is that it can be used to
control a stream of input pulses by another control pulses. When there is no control signal,
the device is normally in the crossed state, however, when the control signal is present, if
the intensity of the light is sufficiently high to change the refractive index then the
directional coupler will switch to the bar state. If the device is designed so that the required
intensity level of the control pulse is the same as that of the input pulse, then the device
becomes an all-optical logic gate.

at low input intensity

Waveguide 1 ~

at high input intensity

| N Waveguide 1 —

| // Waveguide 2 \\

(b)

Fig. 8.1 Schematic diagram of a nonlinear directional coupler with a coupling
length L a) at low input light intensity b) at high input light intensity.
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8.2.2 Theoretical Modelling of the Nonlinear Directional Coupler:

To model the nonlinear directional coupler, extra terms representing the nonlinearity, are
included in the coupled mode equations (8.1) and (8.2). The nonlinear refractive index
change can be expressed as:

An=n3l or AB=n2kgl

hence, replacing B by (B+AB) in Eq. (8.1) and (8.2) we obtain:

. . 2
d—z'=—jBa1+Ka2—Jn2ko|a1| a, (8.7)
da, ) . 2
—J{=—1Ba2+Ka1—jn2kola2| a, (8.8)

In these equations B1=B2=B, the two waveguides are identical. Jensen [5] solved these
equations analytically in the form of Jacobi functions. An input critical power, P, required
to cause the output power to split equally between the two guides of a directional coupler,
with length L, is given by:

p =—ft 0 (8.9)

In a resonant nonlinear directional coupler, extra terms associated with the absorption
losses, o, need to be included into Egs. (8.7) and (8.8), resulting in:

da, , oa _ 2
-d7=—1|3a1—-?+ Ka2—1n2k0|a1| a, (8.10)
da, , oa, _ 2

E=—1Ba2— 5+ Ka1—jn2ko|a2| a, (8 11)

aj and ap have solutions of the form:
a,=A(z)e "? (8.12)
-8 ()
a,=A(2e (8.13)

Substituting Eqgs. (8.12) and (8.13) into Egs. (8.10) and (8.11), then separating the real
and imaginary parts we obtain the following equations:
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dA,

E-:-%aA,+ KA,sin(¢, - ¢,) (8.14)
dA2 1 H

i =-10A,+KA,sin(¢o, - ¢,) (8.15)
dé KA 2

3z =B A -c0s(0: - 0) 0 k[A] (8.16)
do KA 2
'd_22=B_A_;C°S(¢2—¢1)+n2k0|A2| (8.17)

Egs. (8.16) and (8.17) can be reduced further to:

2 2| K 2 " M
d%(¢2_¢1)=(A2—A1)|: cospfi\ ¢)+n2ko] (8.18)

These equations have been solved numerically using a 4th order Runge-Kutta integration
method [6], taking small increments 6z to construct the behaviour of the wave propagation

inside the directional coupler under different conditions of input power excitation.

The accuracy of this numerical method has been checked by simulating a linear directional
coupler (a=n2=0), i.e. linear lossless device. The width of the two coupled waveguides
was 3 pm and separated by 3 pm. The input initial conditions at z=0 were A;(0)=1,
A2(0)=0, $1(0)=0 and ¢2(0)=-1t/2. As expected, the amplitudes Aj and A3 were changing
as a cos and sin functions, respectively, as a function of the propagation direction, z, as
shown in Fig. 8.2. The accuracy of this numerical method was confirmed by the result
obtained for, L¢, which was equal to that obtained from Egs. (8.6) and (8.5).
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Fig. 8.2 A plot of the theoretical calculations of the normalised output transmission
of waveguide 1 and waveguide 2 of a lossless linear directional coupler (a=n2=0)

as a function of the coupling length L.
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The nonresonant nonlinear directional coupler has been simulated by assuming =0 but
np#0. Fig. 8.3 shows the predicted output transmission of guides 1 and 2 as a function of
the coupling length, for two different input intensities, 0.5 mW and 1 mW.
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Fig 8.3 A plot of the theoretical calculations of the normalised output transmission
of waveguide 1 and waveguide 2 of a lossless nonlinear directional coupler (0.=0,

ny=10-8 cm2/W) as a function of the coupling length L, at two different input
optical beam intensities a) 0.5 mW and b) 1 mW.
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As the input light intensity increases a phase mismatch is introduced to the directional
coupler due to the intensity dependent refractive index changes, An=nsI. For a directional
coupler with a coupling length L the output transmission of the two coupled waveguides is
extracted and plotted as a function of the input light intensity. Fig. 8.4 shows the output
transmissions |A1(Lc)| 2, waveguide 1, and l A2(Lc)| 2, waveguide 2, as a function of the
input intensity into waveguide 1 | A1(0)l 2. At low input intensity the device is on a cross

state, as the input intensity increases the device switch to the bar state.

Lossless directional coupler
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Fig. 8.4 A plot of the theoretical calculations of the normalised output response of
waveguide 1 and waveguide 2 of a lossless nonlinear directional coupler (0.=0,
n2=10-8 cm2/W) as a function of the input light intensity into waveguide 1. The
device coupliong length is L,

Again the numerical integration is performed on a nonlinear directional coupler with
absorption (0.#0 and np#0), using the same initial conditions. Fig. 8.5 shows the output
transmissions of waveguide 1, | A1(Lo)l 2, and waveguide 2, | A2(Lc)| 2, as a function of
the length L, at two different input intensities, 0.5 mW and 1 mW. Fig. 8.6 shows the
extracted output transmission of the two coupled waveguides, for the coupling length L,
as a function of the input power into waveguide 1. At low excitation power, the output
power distribution of the two waveguides varies from a fully crossed-over state to an
almost equal power division when the input power is increased to =1.1 mW.

247



x=15cm-1 N2=10"8cm2/w

Z1.0%

(7] d

<

2 08- guide 1

£ .

3 0.67

-oé’ o

2 04

q) -

o ]

© 0.2 guide 2

E -t

k] 0.0

0.0 0.1 0.2 0.3
Distance (mm)
()

- x=15cm-t N2=10"8cm%/w

~ 1.0

w E

o

S 0.8 guide 1

£ |

5 0.6

§ ]

S 04-

o) J

o ]

‘© 0.2 guide 2

g e

S 0.0 -

0.0 0.1 0.2 0.3

Distance (mW)

()

Fig. 8.5 A plot of the theoretical calculations of the normalised output transmission
of waveguide 1 and waveguide 2 of a lossly nonlinear directional coupler (=15

cm-l, np=10-8 cm2/W) as a function of the coupling length L, at two different input
optical beam intensities a) 0.5 mW and b) 1 mW.
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Fig. 8.6 A plot of the theoretical calculations of the normalised output response of
waveguide 1 and waveguide 2 of a lossy nonlinear directional coupler (¢=15 cm1,
np=10-8 cm?/W) as a function of the input light intensity into waveguide 1. The
device coupliong length is L,

From these results it is clear that in a lossy directional coupler a higher switching power
level is required than in a lossless device, having the same value of nj. This is due to the
progressive attenuation of the wave as it propagates along the device. Although the
nonlinearity is large at the input, it decreases exponentially with distance from the input.
Thus although the coupling is destroyed at the input section of the device, the remaining
section is still coupled and some of the energy is still transferred from guide 1 to guide 2.
However, because the coupling length of the remaining section is now less than L, the
device is not fully in the cross-over state and switching effect can still be observed. On the
other hand a complete switch-over is harder to achieve and according to the numerical
simulation, some residual power will remain in the coupled waveguide regardless of the
level of the input pumping power.

8.2.3 Theoretical Modelling of the Electro-Optic Directional Coupler:

Fig. 8.7 shows a schematic diagram of an electro-optic directional coupler, an electrode of
a length L was deposited on the top of the waveguide. The switching operation of the
device was obtained by means of the electro-optic effect in GaAs/GaAlAs. The idea behind
employing the electro-optic effect in our all-optical nonlinear directional coupler was for
two reasons: firstly to obtain the transfer coupling length (L.=n/2K) by changing the
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optical path length via the electro-optic effect, secondly, the applied electric field may
shorten the recovery time of the resonant nonlinearity by sweeping out the photogenerated
carriers in the GaAs/GaAlAs guiding region [7].

_ Electrod

Waveguide
1

| 277 Waveguide NN

2

=

Fig. 8.7 Schematic diagram of an electro-optic directional coupler with a coupling

length L. The reverse bias voltage Vyis applied across waveguide 1.

As we have seen in chapter 6, when an electric field is applied across the GaAs/GaAlAs
QWs region, two effects emerge, depending on the operating wavelength. These are the
Pockels effect, at photon energy well below the QWs absorption edge, and the QCSE, at
photon energy close to the QWSs absorption edge. The two effects can be comparable in size
when the operating wavelength is between the two regimes.

In the analysis of such a device, the applied electric field across the length, L, produced a
uniform perturbation to the mode of the waveguide over that length. This perturbation
produces a phase retardation and amplitude change AB+iAc/2. Therefore, the complex
quantity AP+iAo/2 has been introduced into the coupled mode equations, and result in the

following response functions [8]:

P,/ P,=e"*"'?cosglL +i(b/ g)singL|’ (8.19)
- . . 2
P,/ P,=e**'2|i(K/ g)singl (8.20)
where
g2=b’>+K°

b=+(AB/ 2 +iAa/ 4)
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With reference to Fig. 8.7, the plus sign in, b, denotes a perturbation across waveguide 1
while the minus sign indicates a perturbation across waveguide 2.

As in the case of the electro-optic Mach-Zehnder interferometer in section 7.5, a parameter
p=2AB/Ac, which provides a measure of the relative strength of the phase verses the

amplitude modulation at a given drive level, is introduced in Eq. 8.19 and Eq. 8.20 and for
KL=mmr, this gives [8]:

P,/ P,=e""?lcosgL £ [(i -1/ p)
(apL) / (2gL)]singL|’ (8.21)

P,/ P,=e "' *|(imx / gL)singL|’ (8.22)
where

(L)’ =(1+i/ p) (APL/ 2)° + (mm)®

Fig. 8.8 shows the transmission response, P;/Pg and P2/Py, as a function of the change in
the optical coupling length, ABL, for p=3, 15 and 500. The initial state is at the cross-over,
i.e. KL=mn=n/2. In Fig. 8.8(a) the electric field is applied across waveguide 1 and in Fig.
8.8(b) is applied across waveguide 2. The p=500, device reaches the straight-through state
at a value ABL=V3.7.

Next, a directional coupler in the bar state, i.e. KL=mn=n, was considered. Fig. 8.9
shows the transmission P1/Pg and Py/P of the two coupled waveguides as a function of
ABL, for p=3, 15 and 500. In Fig. 8.9(a) the electric field is applied across waveguide 1
and in Fig. 8.9(b) is applied across waveguide 2. The p=500 device becomes a =3 dB
coupler at ABL=27.

From these results the loss component Ax affects the coupled modes such that, one mode
becomes more locatised in the perturbed lossy guide and its attenuation increases. While the
other mode becomes more localised in the more transparent unperturbed guide. The
localisation of the modes within their guides is due to the phase mismatch between the two
guides caused by the electro-optic refractive index change. In conclusion, applying the
electric field on waveguide 2 provides more oscillations without a significant loss of the
input optical power.
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Fig. 8.8 The normalised output response of an electro-optic directional coupler as a
function of the phase change ABL, for three values of p=3, 15 and 500
(p=2AB/Ac). a) the electric field is applied across waveguide 1 and b) is applied
across waveguide 2. The initial state of the device (Vy=0) is at the cross-state.
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Normalised output transmission
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Fig. 8.9 The normalised output response of an electro-optic directional coupler as a
function of the phase change ABL, for three values of p=3, 15 and 500
(p=2AB/A). a) the electric field is applied across waveguide 1 and b) is applied

across waveguide 2. The initial state of the device (Vv=0) is at the bar-state.

8.3 Fabrication of Electro-Optic Directional Coupler:

The material used to demonstrate the resonant nonlinear directional coupler was A163
GaAs/GaAlAs MQW, described in section 4.3. This wafer exhibited a good electro-optic
properties, which made it sutable for the device proposed. An existing chrome mask was
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used, it consisted of a set of five couplers and five straight waveguides, the directional
couplers linewidth was 3 pm and separated by 3 pm spacing. The couplers were designed
such that only one guide was excited at the input facet, by extending it to the edge of the
mask. The second guide started at some distance from the edge of the mask. The interaction
length of each coupler differing in steps of 0.25 mm. At intervals along each guide, pads of

80 pm square were in contact with the guides, to allow the fabrication of an active devices.

A positive image of the dark-field chrome mask was transfered into a SI400-17 photoresist
film using standard optical lithography. A p-type ohmic contact (Au-Ge-Ni-Au) followed
by a layer of NiCr film, as an etching mask, were deposited on the top of the patterned
samples. Lift-off was used to leave the samples patterned with stripes of metal. The
samples were etched, using RIE with SiCU gas, to a depth of =1.75 pm, and hence, an
acceptable electrical isolation between the two waveguides was obtained. The isolation was
later enhanced by exposing the etched samples to a hydrogen plasma, as described in
section 7.7.1. The NiCr mask was subsequently removed with wet etching, using 1:1

HCTLbO for 45 sec. Fig. 8.10 shows an SEM micrograph of a directional coupler.

Fig. 8.10 SEM micrograph of a GaAs/GaAlAds MQOW directional coupler

waveguide.
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The coupling coefficient and length, in the passive directional coupler, were calculated for
both the TE and TM polarization. This was achieved by first converting the two-
dimensional rib waveguides into one-dimensional slab waveguides using the EIM, and then
using Eq. (8.6) and Eq. (8.5) to calculate the coupling coefficient and the coupling length.
The effective refractive index of the MQWs layer was calculated using Eqgs. (3.31) and
(3.32), for the TE- and TM-modes respectively.

At a wavelength A=1.15 pm, well below the MQWs absorption edge, the coupling
coefficient and coupling length, for the TE-mode were K=3.97 cm -! and L.=3.9 mm, and
for the TM-mode were K=5.37 cm -1 and L,=2.9 mm.

At a wavelength A=0.857 um (close to the MQW:s absorption edge) the coupling coefficient
and coupling length, for the TE-mode, were K=6 cm -1 and L=2.6 mm. For the TM-mode
were K=6.8 cm -1 and L;=2.3 mm. The photon energy was only 60 meV below the hh-
exciton for TE-mode, and 68 meV below the lh-exciton for the TM-mode.

All waveguides were fabricated with the direction of propagation along the crystalographic
direction [110], which yield in a maximum change in the electro-refractive index (see Eq.
2.29). The etched samples were then cleaved to a length of 3 mm and bonded onto a p.c.b.
mount, with silver epoxy. Contacts to the individual devices were connected by
ultrasonically bonded aluminium wire from the top pads to the p.c.b. mount. The coupling
length of the five directional couplers were L=2.7 mm, 2.45 mm, 2.2 mm, 2mm and 1.73
mm, while the length of waveguide 1 was equal to the length of the sample.

8.4 Experimental Results and Discussions of the Directional Coupler:

The end-fire coupling system described in section 5.7.2 was used to characterise the
couplers. The light sources were He-Ne, A=1.15 um, and the CW tunable Ti:sapphire
lasers. The far-field of the outputs of the directional coupler and straight waveguides were
examined using a C1000 Hamamatsu camera connected to a data logging computer. It was
confirmed that they were single moded.

8.4.1 Electro-Optic Directional Coupler:

The active directional coupler was first tested at an optical wavelength A=1.15 um, well
below the absorption edge of the MQWs of A163 material. Fig. 8.11 shows the output
optical intensity distributions of the two coupled waveguides at three different reverse bias
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voltages Vp=0, 6.5 V and 15 V. The coupling length was L=2.7 mm, and the bias voltage
was applied across waveguide 2. With reference to Fig. 8.11, the initial state of the coupler
(Vp=0) showed a power split ratio of 0.37:0.63 in waveguide 1 and waveguide 2
respectively. Equal splitting 0.49:0.51 was achieved with V=6.5 volts, and a switching of
30%, in both guides, was obtained at Vp=15 volts.
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Fig. 8.11 The output transverse field distribution of waveguide 1 and waveguide 2
of an electro-optic directional coupler at three different bias voltages V=0, 6.5 V
and 15 V. The bias voltage was applied across waveguide 2 and the optical beam
(A=1.15 um) was fed into waveguide 1. The waveguide rib width and height were
3 um and 1.75 pm respectively and the coupling length 1.=2.7 mm.

Similar switching results were obtained when the bias voltage Vi was applied across
waveguide 1, but with less drive voltage. This was due to the difference in the length of the
electrodes, waveguide 1 was longer than waveguide 2. The similar switching results
confirm that there was no absorption change, i.e. Aa=0 and only phase change via the

Pockel's effect.
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At a wavelength A=0.857 um (1.448 eV), close to the absorption edge of the MQWs of
A163 material and =60 meV below the hh-exciton, the electro-absorption and refraction
effects were both significant in the directional coupler with applied voltage Vy,. Fig. 8.12
shows the optical intensity distribution of the output transmission of the two coupled
waveguides at two bias voltages V=0 and 15 V. The bias voltage was applied across
waveguide 2. The initial state of the device (Vp=0) showed a power split ratio of
0.485:0.515 in waveguide 1 and waveguide 2 respectively. A switching of =35% was
achieved at V=15 volts.
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Fig. 8.12 The output transverse field distribution of waveguide 1 and waveguide 2
of an electro-optic directional coupler at two different bias voltages V=0, and 15
V. The bias voltage was applied across waveguide 2 and the optical beam (A=0.857
um) was coupled into waveguide 1. The waveguide rib width and height were 3
um and 1.75 um respectively and the coupling length L.=2.7 mm.

These measurements were repeated, but this time the bias voltage was applied across
waveguide 1. Fig. 8.13 shows the intensity distributions of the two coupled guides, at two
bias voltages. At Vp=5 volts, the split ratio was changed to 0.56:0.44 in waveguide 1 and
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waveguide 2 respectively. A switching of =20% was obtained when the bias voltage
increased to Vp=15 volts.
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Fig. 8.13 The output transverse field distribution of waveguide 1 and waveguide 2
of an electro-optic directional coupler at two different bias voltages V=0, and 15
V. The bias voltage was applied across waveguide 1 and the optical beam (A=0.857
um) was coupled into waveguide 1. The waveguide rib width and height were 3
pum and 1.75 um respectively and the coupling length 1.=2.7 mm.

Compaing the results of Fig. 8.12 and Fig. 8.13 it is clear that a smaller modulation depth
was obtained when waveguide 1 was perturbed. This was due to the extra absorption loss,
via electro-absorption effect, in the input section of the device before the two waveguides
become close enough to be coupled.

A full characterisation of the switching operation of two electro-optic directional couplers

are presented in the rest of this section. This was achieved by recording the output
transmission of waveguide 1 and waveguide 2 simultanously, while the bias voltage Vy
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was varied continuously across waveguide 2. The two outputs of the coupler were
separated using an edge mirror to reflect each beam onto a Si-detector, after they were
specially filtered.

Fig. 8.14 shows the normalised output transmission of waveguide 1 (P1/Pg) and
waveguide 2 (P2/Pg) as a function of the bias voltage Vp, at a wavelength A=0.857 pum.
The square points are the experimental measurements and the sum of the two outputs is
equal unity at all values of Vy,. The solid lines are the calculated output response of the two
coupled waveguides as a function of APL, top scale. They were obtained by using Eq.
(8.21) and Eq. (8.22), the two parameters p=2AB/Ac. and m=KL/n were adjusted to fit
the experimental results; p=25 and m=1.254. From the m parameter, the coupling
coefficient was K=14.6 cm-1, for the coupling length of L=2.7 mm. This value of K is two
times larger than the calculated K=6 cm-1 for the TE-mode, using Eq. (8.6). The calculated
value of K is less accurate, for two reasonse. Firstly, the estimated effective refractive
index of the MQWs region, using Eq. (3.31) and Eq. (3.32), exclude the excitonic effect of
the QWs. Secondly, Eq. (8.6) is applicable to a slab directional couplers and using EIM to
convert the rib waveguide to a slab waveguide is an approximate method, see section
3.3.1.

Normalised output trensmission

0 4 8 12 16
Reverse bias voltage (volts)

Fig. 8.14 Normalised outout transmission of waveguide 1 (P1/Pg) and waveguide
2 (P2/Pg) as a function of the reverse bias voltage Vy,. The square points are the
experimental results and the solid lines are the theoretical results. Vy, was applied
across waveguide 2 and the optical beam (A=0.857 um) was coupled into
waveguide 1. The waveguide rib width and height were 3 um and 1.75 pm
respectively and the coupling length 1.=2.7 mm.
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Further measurements of the switching operation of the electro-optic directional coupler
were carried out on another device. The coupled waveguides width and spacing were 3
pm, with a rib height 1.75 pm and coupling length L=2 mm. Fig. 8.15 shows the output
response of the device as a function of bias voltage Vy, at a wavelength A=0.857 um. The
bias voltage was applied across waveguide 2. The square points are the experimental
measurements, the sum of the two outputs is equal unity at all values of Vy,. The solid lines
are the calculated output response of the two coupled waveguides as a function of ABL, top
scale. The two parameters p and m were taken to be 25 and 0.87, respectively. From the m
parameter, the coupling coefficient was K=13.6 cm -1 (for the coupling length of L=2
mm). This value is in good agreement with that of the first device, where K=14.6 cm -1,

Qualitatively, the theorectical model of the electro-optic directional coupler in reference 8
was in good agreement with our experimental results presented in Fig. 8.14 and Fig. 8.15.
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Fig. 8.15 Normalised outout transmission of a directional couper similar to that in
Fig. 8.14, but the coupling length L=2 mm.

8.4.2 Resonant Nonlinear Directional Coupler:

A single beam experiment was used to examine the resonant nonlinear directional coupler
as an all-optical switch. In this experiment, the output transmission of the two coupled
waveguides was monitored as a function of the input light intensity. The light source was |
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an actively mode-locked Ti:sapphire laser pumped with a CW Ar*-ion laser, this system is
described in section 5.10.2. The laser output consisted of a train of pulses of =50 ps at a
repetition rate of 76 MHz with an average power =350 mW. Therefore, the pulse energy
was 5 nJ and the peak power 100 W. The peak power of the input pulses was varied by
using a motor controlled attenuator wheel. The polarisation of the incident beam was set to
TE or TM polarisation, using a halfwave plate and polariser. These pulses were chopped at
a rate of 1 KHz and coupled into the waveguides using a x40, N.A. 0.65, microscope
objective lens. The output response of the two coupled waveguides was monitored and
recorded using the set-up described in the previous section, with two Si-detectors.

Measurements were performed at a range of photon energies (1.41 eV-1.46 eV), i.e. ata
range of =100 meV to 50 meV below the hh-excitonic resonance of the MQW of A163
material. At photon energies up to 1.45 eV, there was no sign of all-optical switching in the
device response. As the photon energy brought closer to the MQW absorption edge (above
1.45 eV) miscoupling of the incident light into the device was experienced, at an average
powers just below 50 mW. This was due to the generated heat in the sample as a result of
the large MQW absorption coefficient. This problem was reduced by replacing the input
objective lens with a x20, N.A. 0.4, which made coupling of the incident light less
sensitive to heat expantsion. As the input power was increased above =70 mW, the input
facet of the couplers damaged, due to the large absorption in the MQWs region, this is
shown in Fig. 8.16. Unfortunatley, the length of these samples did not allow further
cleaving for fresh input facets. The failure of these devices to switch all-optically was due
to the long life time of the photogenerated carriers, longer than the laser pulses repetition
rate, T=14 ns. This was measured by using the time resolved PL spectroscopy, obtained at

Heriot Watt University.

8.4.3 Nonresonant Nonlinear Directional Coupler:

A nonresonant nonlinear directional coupler was successfully demonstrated by Dr. S.
Aitchison [9], of this Department, in GaAlAs below half the band gap. In this section only
the device description and performance are outlined, for completness.

A single mode passive directional couplers were fabricated in A293 GaAlAs wafer. This
material was later used to demonstrate the successful nonlinear AM-ZI described in section
7.8. The layers structure and the linear and nonlinear optical properties of this wafer are
presented in section 4.3.
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Fig. 8.16 SEM micrograph ofa directional coupler input endfacet damaged by a

focused laser beam due optothermal effect.

The directional couplers consisted of 4 (am stripe loaded coupled waveguides with an
etching depth varied from 1.2 jam to 1.45 (im, and separated by 5 |im spacing. These
devices were fabricated using the standard optical lithography and RIE using SiCU gas.

The etched samples were cleaved to achieve a coupling length of 6.25 mm.

The ultrafast (<< 100fs) all-optical switching of the device was demonstrated below half the
band gap of the Gao.s2Alo.isAs, at a wavelength ~=1.6 (im. The light source was a
synchronously pumped mode-locked NaCFOFF colour centre laser, which generated a train

of pulses of 10 ps duration.

Fig 8.17 shows the normalised output transmission of the two coupled waveguides as a
function of the total output peak intensity (after ref. 9). The total output power was the sum
of the outputs of the two coupled waveguides, this allowed to neglect the coupling
efficiency to the device. With reference to Fig. 8.17, the split ratio between the two coupled

waveguides, at low power (i.e. initial state) was 0.3:0.7.
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Fig. 8.17 Normalised output transmission of waveguide 1 and waveguide 2 of a
nonresonant nonlinear directional coupler as a function of the total output peak
intensity. The waveguide rib width and height were 4 um and 1.3 um respectively

and coupling length 1.=6.25 mm.

A relative switching of =25% was achieved at a peak pumping intensity of =1.6 GW.cm2,
assuming the effective mode area A.f=6x10-3 cm2. The switching intensity takes onto

account the device insertion losses and the coupling losses.

The intensity dependent refractive index coefficient was estimated from these results to be
n2=6x10-14 cm2/W. This value is slightly higher than that estimated from our SPM
measurements, for the same material presented in section 6.5.3.2, and that esitmated value
from the switching operation of the nonlinear AM-ZI device in section 7.8.2.1.

8.5 Conclusions:

In this chapter, we presented the theoreticall modelling of the directional coupler switch,
this included the all-optical and electro-optic switching. The operation of the electro-optic
directional coupler has been successfully demonstrated in GaAs/GaAlAs MQW structure,
the experimental results agreed well with the theoretical model. These devices fail to switch
all-optically due to the longe life time of the photogenerated carriers, longer than the
repetion rate of the pumping laser pulses, in the MQW region. This was confirmed by the
lift time photoluiminescence measurement. At high pumping intensities, the input facets of
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these waveguides were damaged due to the large thermal effect induced in the MQW
absorption region.

In the last section of this chapter, we outlined the ultrafast nonresonant nonlinear directional
coupler which has been sucessfully demonstrated in GaAlAs material at 1.55 pm spectral

region, by Dr. S. Aitchison of this Department. The photon energy was below half the
band gap of the GaAlAs guiding region to avoid the TPA effect. A relative switching of
=25% was achieved at a peak pump intensity of =1.6 GW.cm-2.
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Chapter 9

Conclusions and Future Work

Linear Optical properties of Semiconductor Waveguides:

The linear optical properties of GaAs/GaAlAs rib waveguides were investigated, it included
the propagation losses as well as the end facets reflectivity. It was found that the
propagation loss was higher for deeply etched waveguides. This was due to the increase in
the scattering loss from the roughness in the sidewalls of the waveguide, where the overlap
integral between the optical guided light and the sidewall roughness was higher. The facet
reflectivity of GaAs/GaAlAs single mode rib waveguides was measured as a function of the
tilting angle between the longitudinal axis of the waveguide and the normal to the facet and
also as a function of the lateral optical confinement. The lateral confinement was controlled
by changing the etching depth of the waveguide adjacent slabs (rib height). It was found
from the experimental results, that the facet reflectivity of the single mode waveguide
change dramatically with the facet tilting angle as well as the lateral optical confinement. In
other words, the mirror reflectivity of the waveguide end facet was a strong function of the
waveguide parameters and the consequent modal field parameters.

The linear propagation losses in bent and Y-junction waveguides were investigated.
Experimental results have been presented for the propagation loss of bent waveguides as a
function of the bending angle. As expected an over all losses (scattering and bending
losses) of bent waveguides was reduced significantly by increasing the lateral optical
confinement in the waveguide. In single mode Y-junction waveguides, the propagation
losses were measured as a function of the full branching angle. It has been shown that the
radiation loss increases as the Y-junction angle increases.

Nonlinear Optical properties of Semiconductor Waveguides:

The nonlinear optical properties of the semiconductor waveguides were investigated, it
included the resonant nonlinear properties of GaAs/GaAlAs single and multiple quantum
wells (SQW and MQW) and the nonresonant nonlinear properties of GaAlAs waveguides.
The absorption spectra of GaAs/GaAlAs SQW waveguides were measured for the TE and
TM modes; a well resolved hh and 1h exciton peaks were observed at room temperature.
The relative absorption strength of the hh and lh excitons were 3/4 and 1/4 for the TE mode
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and 0 and 1 for the TM mode, respectively. The intensity dependent absorption saturation
of these excitonic peaks were measured for the TE and TM modes. A maximum change in
absorption was achieved at photon energies equal to the excitonic transitions of the SQW.
This was due to the screening effect of the excitons caused by the photogenerated carriers.

The intensity dependent refractive index change in GaAs/GaAlAs SQW waveguides was
measured, a negative change (electronic effect) was observed at photon energies close to
the SQW exciton peak, and a positive (thermal effect) was observed at photon energies
above the SQW exciton peak. The value of the unsaturated electronic refractive nonlinear
coefficient, ny, was 1.4x10-8 cm2/W, calculated from the negative part of the intensity
dependent refractive index change. These measurements were achieved by using the
external Mach-Zehnder interferometer and a CW tunable Ti:sapphire laser source. The
recovery time of the resonant nonlinearity, in these waveguides, was measured using a
conventional pump-probe scheme, at different photon energies. The laser source was an
actively mode-locked Ti:sapphire laser, and produced pulses with a duration of =50 ps at a
repetition time of 13 ns. The measured recovery time (1/e) was =125 ps. The short
recovery time is believed to be due to the reduction of the recombination time of the
photogenerated carriers caused by the surface recombination where the SQW was only 40
nm below the surface of the material. The process may well be assisted by a built-in electric
field due to depletion layer associated with the proximity of the surface.

The nonresonant nonlinear optical properties of Gag g2Alg.18As waveguides were
measured at photon energy below half the band gap. These measurements were performed,
at St. Andrews University/Department of Physics, using a coupled-cavity mode-locked
CCML KCL:T1 colour centre laser. The pulse width was £330 fs at a repetition rate of 12
ns. The nonlinear refractive index coefficient, nj, of the Gag goAlp 18As waveguides was
obtained from the spectral broadening measurement, via the self-phase modulation SPM
effect, of the transmitted pulses. This was carried out for both the TE and TM modes which
showed that the spectral broadening via the SPM was polarisation independent. The
measured corresponding value of the nonlinear refractive index, np, was (5.4£0.5)x10-14
cm?2/W. A figure of merit (n=pA/n3), where P is the two photon absorption coefficient and
A the wavelength in vacuum, is used to characterise the suitability of a material for all-
optical switching. For our Gag g2Alp.18As waveguides, a value f=0.14 cm/GW was
deduced from the transmission measurements of the waveguides as a function of the input
intensity, for the 330 fs pulse width. The figure of merit took a value of N=0.38 at A=1.52
pm. This thus satisfied the criterion for an all-optical AM-ZI switch in that N<2.
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The electro-optic effects in GaAs/GaAlAs p-i-n single and multiple quantum well
waveguide structures have been investigated, it included the electro-absorption and
refraction effects. The idea behind applying an electric field across the QWs, in all-optical
switching devices, was to reduce the recovery time of the resonant nonlinearity by
sweeping the photogenerated carriers out of the QWs region.

Nonlinear Asymmetric Mach-Zehnder Interferometer:

All-optical operation of an integrated AM-ZI was successfully demonstrated employing the
resonant and nonresonant nonlinearities. The resonant nonlinear integrated AM-ZI was
fabricated in GaAs/GaAlAs SQW structure and a pump-probe experiment was used to
examine the device performance as an all-optical switch. The laser source was an actively
mode-locked Ti:sapphire laser, and produced pulses with a duration of =50 ps. The results
qualitatively agree with a simple model of the device operation. The differential saturation
of the absorption means that the device cannot switch off completely because at the second
Y junction there is different relative intensities in each arm compared to how the split at the
first Y junction. The saturation of the absorption is inherent to the nature of the resonant
optical nonlinearity although its relative significance can be reduced by operating at longer
wavelengths. The resonant optical nonlinear device discussed here is therefore unsuitable
for all-optical switching applications where large depths are required. It may find an
application in passive mode-locking of semiconductor lasers where large modulation are not
necessary.

The nonresonant nonlinear AM-ZI was fabricated in Gag goAly.18As heterostructure and its
operation as an all-optical switch was examined at photon energy below half the band gap
of Gag g2Alg 18As. A single beam experiment was used where by the output transmission
of the AM-ZI was monitored as a function of the input light intensity. A relative switching
of more that 80% has been achieved using 330 fs pulses at around 1.55 um from a
coupled-cavity mode-locked KCI:T1 colour centre laser. The recovery time of the switching
operation was ultrafast, in femtosecond regime, this was confirmed by the symmetry of the
spectral broadening in the straight waveguide via the SPM.

Nonlinear Integrated Directional Coupler:

The switching operation of an integrated directional coupler was examined using the

resonant nonlinearity in GaAs/GaAlAs p-i-n MQW structures. Active devices were

fabricated in an attempt to reduce the recovery time of the resonant nonlinearity by applying
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an electric field across the intrinsic region to sweep the photogenerated carriers out of the
MQWs. A switching action was observed, using the electro-optic effects in MQWs, and the
theoretical model fitted well with the experimental results. These devices fail to switch all-
optically due to the long life time of the photogenerated carriers (-14 ns) measured using
the lifetime photoluminescence spectroscopy. This experiment was carried out at Heriot

Watt University.

An integrated ultrafast all-optical directional coupler switch was successfully demonstrated,
by Dr. S. Aitchison of this Department, using the nonresonant nonlinearity in
Gao.s2Alo.is As at photon energies below half the band gap. A synchronously pumped
mode-locked NaCl:OH colour centre laser was used, the pulse width was 10 ps at 1.6 pm
spectral region. A relative switching of =25% was achieved at a peak pump intensity of 1.6
GW/cm2.

Future Work:

Figure 9.1 shows a proposed all-optical switching device based on a symmetric Mach-
Zehnder interferometer, utilizing the resonant nonlinearity in GaAs/GaAlAs MQWs.
Implementing either impurities induced or vacancies indiffusion disordering techniques will
provide a linear device with a nonlinear section in one of the M-Z arms. This will reduce
the device insertion loss close to the MQW absorption edge of the nonlinear section and

enhance the output modulation depth.

Linear section
Impurities induced or Vacancies indiffusion disordering

Nonlinear section
As grown area

Fig. 9.1 Schematic diagram of AM-ZI, the shaded area is disordered with energy

gap larger than the clear area (as grown material).

Recent studies of the nonresonant nonlinear optical properties of GaAs/GaAlAs MQW:s

269



Advygry
ALIS¥IAING
M09s5v19

below half the band gap showed an increase in the value of nj by a factor of 2.4 over that
of the bulk GaAlAs. Therefore, demonstrating our all-optical switching devices (AM-ZI
and directional coupler) using GaAs/GaAlAs MQW structures may reduce the required
switching power of these devices.

A target device for logic operations is shown in Fig. 9.2, this device was demonstrated by
A. Lattes et al. [1] using LiNbOj3 substrate. This device can operate as an XOR gate, AND
gate and inverter.

Fig. 9.2 Schematic diagram of the optical logic gate. A continuous stream of pulses
is modulated by the information carrying pulses incident in waveguides a and b.
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