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Abstract

The thesis describes the design and fabrication of a monolithically integrated
GaAs/AlGaAs multiple quantum well (MQW) structure two-section tunable laser, using
the quantum confined Stark effect (QCSE) as the tuning mechanism. In contrast to
carrier induced effect (CIE) tuned lasers, the QCSE tuned laser provides intrinsically
uniform optical frequency modulation (FM) sensitivity over the modulation bandwidth
of the device. First, through ridge waveguide modelling and QCSE induced refractive
index change analysis, a suitable two-section ridge waveguide laser structure, having
the optimised number of quantum wells, is designed. Second, as the tuning mechanism
requires an applied electric field, a reverse biased p-i-n structure needs to be integrated
with the forward biased laser gain section; therefore, possible isolation schemes to
isolate the gain and tuning sections electrically while retaining a single optical cavity
are investigated. Wet and dry etches, Ht and Ot implantation to achieve electrical
isolation are studied. Third, since it is always desirable to have low residual intensity
modulation for a frequency tuned laser, a study on impurity-free vacancy diffusion
techniques has been carried out to investigate suitable methods of producing a
transparent tuning section. A fabrication process to achieve ~10nm band-gap detuning
between gain and tuning section, while maintaining good laser performance, is
described. Finally, as laser parasitic parameters limit achievable laser modulation
bandwidth, low parasitic laser structures have been designed. An air-bridged laser built
on a semi-insulating substrate and a polyimide planarised laser built on an N+ substrate
are fabricated successfully, with their tuning section band gap blue shifted relative to
that of the gain section. Good CW single mode operation with less than 10MHz
linewidth is achieved. FM response uniformity within £3dB over the bandwidth 30kHz
to 6GHz has been achieved, with an intensity modulation index less than 0.1 for
5.5GHz peak optical frequency deviation.

The fabricated band gap shifted low parasitic tunable lasers have been characterised
extensively, to assess the static and dynamic laser performance and identify the factors
influencing pure QCSE tuning. A comparison study has been carried out to compare the
tuning merits of this laser and traditional CIE tuned lasers. Further improvements are
suggested to achieve better tuning performance and the design for a QCSE tuned laser
based on the InP/InGaAsP material system is outlined.
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Chapter 1 Introduction

dispersion of silica optical fibre. In the second direction, when the data rate is not too
high and the channels are closely spaced, the current intensity-modulation-direct-
detection (IMDD) scheme will result in large error rate and coherent detection?
schemes (CD) can be used. To explore and develop the CD scheme is the initial

motivation of the current work.

Apart from used in digital telecommunications, optical fibre is also playing a very
important role in microwave over fibre analogue links*”. In those applications, again,
CD is a powerful weapon to boost the signal transmission capability. To see better how
CD can enhance fibre-optic links, let us start by comparing the performance of IMDD
against CD.

1.1 Comparison of Intensity Modulation Direct Detection (IMDD) and
Coherent Detection (CD) Systems

An IMDD or CD link consists of transmitter, receiver and transmission medium which
is usually a single mode fibre. Fig.1.1.2 shows the typical IMDD and CD schemes
schematically. It is the signal-to-noise performance of coherent scheme that makes it
very attractive to long distance links. Following the method used by Seeds and Cai®?,

the analysis of these two schemes is presented as follows.

light p| intensity | | photo-
source modulator detector
} optical fibre&amplifier
analogue input analogue output

a. IMDD transmission scheme

light €0)) photo-

source detector
T optical fibre&amplifier *

local oscillator] | post-detection
laser source processing

analogue input

b. Coherent transmission scheme analogue output
Fig.1.1.2 IMDD and CD transmission systems.
1.1.1 Signal-to-noise performance of intensity modulation direct detection

Consider first the IMDD scheme as shown in Fig.1.1.2(a), if the analogue signal
transmitted can be represented by m(¢), the output optical power after the intensity

modulator is:

10



Chapter 1 Introduction

P, =P[1+ym(1)] (1.1.1)
where P, is the mean optical power and ¥ is the modulation sensitivity ( pn(t) > —1).

The mean squared signal current at the photodetector output is
2
(12 =(RG,Ry) (m’(1)) (1.1.2)

where R is the photodetector responsivity and G; is the fibre path gain. Noise at the

output is consisted by:

(1) Thermal noise generated at the photodetector load, with mean square value

4kT

2\ _

(I%)= R (1.1.3)
where k is Boltzmann's constant, T the absolute temperature, B the bandwidth and R;
the load resistance. “

(11) Shot noise generated in the photodetector,

(Is?)=24(RG,P, +i4)B (1.1.4)
where g 1s the electron charge and i; the dark current of photodetector.
(111) Optical source relative intensity noise,

<I,,,2>=(RG,Pu)2RIN-B (1.1.5)
where RIN is the relative intensity noise value of the laser source.
(iv) The noise generated by optical amplifier <Ina2>.

Assuming these noises to be uncorrelated, the signal to noise ratio at the detector output

can be written as:

2/ 2
RG,P t
SNR = (RGRiy) (m’ (1) (1.1.6)
{% +2¢(RG,P, +i;) + (RGP, RIN]B +(1,.?) ‘
L

where the dark current of photodetector has been assumed negligible compared to
photocurrent. The thermal noise is independent to unmodulated optical power P, as is
the optical amplifier noise if the power is not very high and fibre non-linear effects can
be neglected. Under such conditions, the SNR can be boosted by increasing the optical
power until either the laser source relative intensity noise limit is reached and

v (m’(1))
"RIN-B

SNR = (1.1.7)

or the shot noise limits the performance to

11



Chapter 1 Introduction

RG,Py*(m?(1
SNR = — v (m*(0) (1.1.8)
2q-B

For low received optical power the thermal and optical amplifier contributions are

dominant. If signal-spontaneous beat noise is dominant

By*(m(1))
2P,B

SNR = (1.1.9)

where P, is the optical amplifier amplified spontaneous emission (ASE) power spectral
density.
The strategy of increasing the source power in order to reach the shot noise limit is
restricted by the onset of stimulated Brillouin scattering® (SBS) and other non-linear
effects in fibre!%. The SBS threshold for 1dB forward transmission loss is given by
42A.00
Ph=—""=x
gB(I —€ (ZL)

where A, is the core area of the fibre, gp the Brillouin gain coefficient, L the fibre link

(1.1.10)

length and « the fibre loss. For a 1.55um 30km long link with fibre core diameter
9um, loss 0.2dB/km and gp =4X 10_9cm/W, Py, =4.ImW is obtained. Obviously,

SBS imposes a serious limitation on the optical power that can be launched into the
fibre.

1.1.2 Signal-to-noise performance of coherent detection

Consider now the coherent detection scheme as shown in Fig.1.1.2(b), and assume that
polarisation control techniques are used so that the signal and the local oscillator
electric field on the photodetector have the same polarisation. The signal and the local
oscillator fields can be defined as:

E, = E, cos(wt + ¢,) (1.1.11)
E;p=E,costw ot + ) (1.1.12)

where @ is the optical frequency and ¢ the phase, with subscript s or Lo indicating the

signal or local oscillator. The output current after the photodetector is found to be:
i = R[P,G; + P+ 2[R,G Py cos(wt + ¢, — 9, (1.1.13)

where P, is the laser source output power, P, the local oscillator optical po{Ner and
w; =0, — Wy is the intermediate frequency (IF) with @; << w,. When ®,;=0, the
coherent system is homodyne while if @;#0 the system is heterodyne. The first two
terms represent direct detection of the signal and the local oscillator. It is the third term
that is most interesting and reveals the difference between direct detection and coherent

detection. First, its magnitude is proportional to the square root of the local oscillator

12



Chapter 1 Introduction

power, thus, the detected signal can be made larger by simply increasing the local
oscillator power. Second, the detected signal is proportional to the square root of the
source power, thus the linear modulation of the signal electric field will yield linear
modulation of the detected photocurrent at the IF. Alternatively, linear modulation of
the source intensity will yield linear modulation of the output of a square law detector
fed with the photodetected IF signal. Third, this term is at IF @; , so that the
modulation on the source frequency @, leads directly to the modulation of @;, which
can be recovered by a suitable electronic discriminator. Fourth, this term contains also
the signal and local oscillator phases, so that phase modulation of the source leads
directly to the phase modulation of the IF output. It is seen that coherent systems can
use amplitude, intensity, frequency or phase modulation while direct detection systems
are limited to either amplitude or intensity modulation.

The sources of noise in a coherent system are similar to those in a direct detection
system. The IF carrier to noise ratio (CNR) after the photodetector is:

2
CNR = 2P,G,P,oR

(1.1.14)

FRE +29(RPo +iy) +(RP,p)° RIN]B + (1)

L
where P >> P,G; is assumed and RIN is the local oscillator relative intensity noise.

Normally a balanced detection scheme is used in the coherent receiver to cancel local

oscillator laser RIN so that by increasing the local oscillator power, shot noise limited

reception is obtained, giving

CNsz (1.1.15)

gB

if the noise contribution from the optical amplifier is small, or

F oG]

P.B

CNR = (1.1.16)

if the local oscillator-ASE beat noise predominates.
1.1.3 Comparison between coherent and direct detection systems

Coherent transmission systems offer three main advantages over systems using direct

detection:

1. Shot noise limited reception can be achieved even at low received signal powers by

simply increasing the local oscillator power.

2. Intensity, frequency or phase modulation methods can be used whereas direct
detection systems are limited to use intensity or amplitude modulation only.

13



Chapter 1 Introduction

3. By using coherent detection, channel selection and detection for the transmitted
signals from DWDM can be easily realised by simply tuning the local oscillator laser
and using a post-photodetector electronic filter.

The first advantage enables the links operating at wavelengths other than 1.55um to
reach shot noise limited performance even low noise optical amplifiers are not available
and the strategy of increasing source power to reach the shot noise limit is restricted by
SBS. Links operating at 1.3um wavelength can take advantage of the minimum
dispersion of silica fibre, while links using 0.85um wavelength can achieve full
compatibility with GaAs microwave monolithic integrated circuit (MMIC) technology.

The second advantage enables SBS to be reduced by broadening the optical signal
bandwidth beyond the SBS linewidth (~28MHz at 1.5um) using frequency or phase
modulation. Using frequency or phase modulation also enables a trade-off to be made

between optical signal bandwidth and the received signal to noise ratio.

The importance of the third advantage depends on whether an optical filter is preferred
or available in DWDM systems and whether the ability to switch between many
channels is required. As channel spacing becomes smaller in order to increase total data
rate, the availability of suitable optical filters becomes limited, and the advantage of

coherent detection becomes greater.
There are also three main disadvantages of coherent transmission systems:

1. The frequencies of local oscillator laser and signal must be controlled to differ by the
required IF. Optical frequencies (193THz at 1.55um, 230THz at 1.3um and 352THz
at 0.85um) are high compared to typical IFs in the GHz range, so that to restrict IF
frequency drift to less than 10% requires a control precision of / 075 on the optical
frequencies. Very precise control of laser temperature and current is therefore
required. For zero frequency error, operation an optical phase lock loop (OPLL) is
thus required to achieve lock between the two frequencies. However, the successful
implementation of OPLLs depends on the combined linewidth of the lasers!!. A
small linewidth is required to allow practical values of loop propagation delay. For
an IMDD system, only a suitable photodetector is needed to match the lasing

wavelength.

2. The linewidth of the source and local oscillator lasers must be suitable for the
modulation methods used. For coherent detection systems using frequency or phase
modulation, ideally the linewidth should be smaller than IMHz!? to relax the phase
locking (for homodyne detection) and frequency locking (for heterodyne detection)
requirements and to achieve better SNR. For IMDD, the required source linewidth is

mainly determined by the fibre dispersion penalty.

14



Chapter 1 Introduction

3. The polarisation sates of the signal and local oscillator must be matched at the
photodetector, whereas there is no polarisation control requirement in; IMDD
systems. Polarisation control can be realised by actively controlling the polarisation
state of local oscillator to achieve maximum detected signal output!3 or using

polarisation diversity reception!4.

Whilst all the disadvantages of the coherent transmission systems can be overcome,
new devices and techniques must be used. It is therefore necessary to decide the
modulation method to be used.

1.1.4 Choice of modulation method in coherent transmission systems

In this sub-section, the relative merits of intensity, amplitude, frequency and phase
modulation in a coherent transmission system will be summarised.

1. Intensity modulation

The coherent system offers the advantage of improved receiver sensitivity by increasing
the local oscillator power and thus is useful at wavelengths where suitable optical
amplifiers are not available. However, the system linearity is limited by the linéarity of
the source intensity modulation characteristics and by the accuracy of the square law
detector. Processing gain from the modulation system is also not available. Thus the
overall dynamic range is comparable with an optically pre-amplified IMDD system.
The system can be made relatively insensitive to the linewidth and the frequency drift

of laser sources?.
2. Amplitude modulation

Semiconductor lasers are the most suitable sources for fibre-optic systems, but they
have a nearly linear relationship between output power and modulation signal. Thus
directly modulating the laser will give a square law relation between source amplitude
and modulation signal, whilst externally modulating the source by interferometric
modulator will give a raised sine intensity modulation. A convenient linear amplitude
modulator is therefore not available. However, a linear square law detector will not be

required if linear amplitude modulation could be realised.

Even if a linear amplitude modulator were available, the system would be expected to
have similar performance to that of intensity modulated coherent systems, with similar
advantage of insensitivity to the linewidth and the frequency drift of laser sources. The

overall performance will be comparable to an optically pre-amplified IMDD system.
3. Frequency modulation

Frequency modulation (FM) is extensively used in radio communication systems
because it enables modulated signal bandwidth to be traded for improved signal SNR..

15



Chapter 1 Introduction

Similar advantages are also available in the optical domain. Thus optical frequency
modulation-coherent detection (FMCD) systems are very attractive since the available
transmission bandwidth of optical fibre is so abundant. The improved SNR resulting
from the use of FM is :

3
SNR=3(?2—f) -CNR (1.1.17)

where Af is the peak frequency deviation and (2 is the applied modulation signal
frequency and Af >>Q. CNR is represented by Eq.(1.1.15) if the shot noise limit is
reached. For Af=2GHz and Q2=100MHz, the improvement would be as high as 44dB!
Cai and Seeds® have carried out a detailed study of the relative advantage of FMCD
over IMDD systems, treating both systems without optical amplifiers and the
transparent systems where low gain amplifiers are distributed over the links to

compensate the transmission loss exactly. The results are shown in Fig.1.1.3.
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Fig.1.1.3 SNR characteristics of IMDD and FMCD links. After Cai and Seeds?.

It is seen that for links longer than 100km, the improvement of FMCD over IMDD
system for both passive and transparent links, can be greater than 30dB.

To develop a suitable laser source for this optical FMCD transmission link is a

particular objective of the current work.
1.2 Optical sources for FMCD transmission links

Semiconductor lasers are used as sources in most optical fibre telecommunication
systems. They offer the advantages of electrical pumping and the ability of direct
intensity and lasing frequency modulation. A semiconductor laser source used for
optical FM in a FMCD transmission link must satisfy the following requirements :
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1. Narrow linewidth.

2. Tunability for wavelength matching.

3. Uniform FM response over the modulation frequency bandwidth.

A more detailed discussion about those requirements 1s given as follows.
1.2.1 Linewidth requirement

In a semiconductor laser, the spectral linewidth is related to random phase!>. Large
linewidth corresponds to large random 'phase fluctuation and makes the implementation
of an optical phase lock loop impossible. It also leads to large noise content in the beat
signal and eventually degrades the SNR of the system. A narrow linewidth is therefore

crucial to an FMCD transmission system.

Using a multiple quantum well (MQW) active layer and carefully designing the laser
structure to minimise the spatial hole burning effect, which is the primary cause of
linewidth broadening above a certain power level, a distributed feedback (DFB) laser
has been reported to have a linewidth below 100kHz!6. Using the fibre grating laser
(FGL) structure, a linewidth of the order of 50kHz has been reported!”. With these
values of linewidth, an OPLL can be easily implemented to achieve low phase noise

and optical frequency locking.
1.2.2 Wavelength tunability requirement

In order to match local oscillator wavelength with source wavelength, the local
oscillator should have wavelength tunability. The tuning range needs to be large,
especially if the ability to switch between many channels is required. This can be done
by changing laser injection current, laser temperature or by using an external or
integrated tunable laser. Due to the fast development of WDM in recent years, many
monolithic single mode tunable laser configurations have been developed with tuning
range from 30nm to over 60nm, more than enough to fulfill the tunability requirement,

although the tuning is discrete or quasi-continuous.

A detailed review of tunable lasers, including external cavity and monolithically

integrated configurations, follows in the next chapter.

1.2.3 Uniform FM response requirement

A non-uniform FM response transmitter will distort the transmitted signal if an optical
FMCD transmission link is used. An uniform FM response over the modulation
bandwidth is thus crucial to the successful implement of FMCD systems. Tunable
lasers to fulfill this requirement may not need large tuning range, but continuous tuning

with wide modulation bandwidth is essential.
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Whilst much more detail will be giving in the next chapter, the state of the art of
monolithic tunable lasers will be given a brief description here. Most monolithic
tunable lasers developed so far use current injection to achieve tunability. Although this
is a convenient method, it suffers from significant drawbacks: the current injection
causes thermal tuning, which has the opposite sign of frequency shift to that caused by
carrier induced effects (CIE)!®. The thermal effect is the dominant one at low
modulation frequencies (<10MHz) whilst CIE dominates the response at the higher
modulation frequencies. The overall result is an highly non-uniform FM response over
the modulation bandwidth. Moreover, due to the current injection modulation, the laser
source output power will change with modulation, resulting in unwanted intensity
modulation (IM). An uniform FM response could be achieved using a grating loaded
structure where the index change due to CIE can produce either red or blue shifts of
wavelength, but normally a multi-section structure with non-uniform current injection
is required. Using a multi-section DFB laser structure, Ogita!? achieved a uniform FM
response with -3dB bandwidth of 15GHz. Using a single section gain-coupled DFB
laser structure OkaiZ® achieved uniform FM response up to modulation frequency
20GHz. However, these uniform FM responses rely critically on the current biasing
conditions and a compromise has to be made between output power and uniform
responses.

An alternative approach is to use electric field induced refractive index change to
achieve an intrinsically uniform FM response. Using quantum-confined Stark effect
(QCSE) induced index change on an external cavity laser structure, Cai et al 2122
achieved intrinsically uniform FM response from 30kHz to 1.3GHz (limited by device
parasitic parameters), with independent by controllable output power and tuning

performance. This laser has been successfully used in an FMCD link>.

To demonstrate and develop a monolithic QCSE tuned laser , capable of uniform FM
response, independent on output power, with higher FM bandwidth and low residual
IM, is the primary objective of the current work. The tuning techniques used in such a
laser also have wider applicability to laser sources for DWDM.

1.3. Outline of the Thesis

The thesis describes the design, fabrication and characterisation of a monolithically
integrated multiple quantum well (MQW) GaAs/AlGaAs two section tunable laser
using quantum-confined Stark effect (QCSE) as the tuning mechanism, to achieve
tunable lasers with uniform FM response and fast tuning speed for the use as a laser

source in optical FMCD links. The rest of the thesis is organised as follows:

In Chapter 2, a comprehensive tunable semiconductor laser review is given, which

provides background information and the state of the art in the tunable semiconductor
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