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Abstract

The design, fabrication and characterisation of monolithic passive colliding 
pulse mode-locked (CPM) quantum well lasers are described. Firstly, a standard 
configuration of CPM laser is realised and mode-locking is obtained at repetition rates 
in the range of 73 to 129 GHz. These are the first published results on monolithic CPM 
quantum well laser at short wavelength, i. e. GaAs/AlGaAs based material. This device 
presented a previously unseen output laser polarisation dependence with the applied 
reverse bias to the absorber section of this laser. The generation of TE and TM 
polarised light from the CPM laser is analysed and discussed.

A novel configuration of CPM laser, the multiple colliding-pulse mode-locked 
(MCPM) laser is realised. This multi-section device can have 1, 2, or 3 monolithically 
integrated saturable absorber sections in the cavity, inducing the laser to operate at the 
first up to the fourth harmonic of the repetition rate. This is the first observation of 
geometry dependent switcheable change of harmonics in mode-locked lasers. The 
different regimes of operation of the MCPM laser are investigated, comprising single 
mode, multimode, Q-switched and first to fourth harmonic mode-locking, generating 
pulses of around 1 to 3 ps width at up to 375 GHz repetition rate. Studies of the range 
of mode-locking at 240 GHz show that mode-locking occurs at two distinct regions of 
current and reverse bias. This previously unseen feature may represent an indication of 
the contribution of excitonic nonlinearities to the ultra-fast operation of the device.

A monolithic CPM ring laser with two saturable absorbers in the cavity is 
described. Frequency domain measurements indicate mode-locking operation at 28 
GHz repetition rate. The use of two saturable absorbers in colliding pulse configuration 
in the ring cavity showed improvements on the device operation.

The design and fabrication of a CPM laser based device which is intended to 
perform clock recovery at high repetition rates, above 100 GHz, is described. This 
device consists of a standard CPM laser which has an extra waveguide in side-injection 
configuration. This extra waveguide amplifies and guides the optical signal from which 
the clock is to be recovered to the absorber section of the laser. To achieve clock 
recovery this signal should contribute to the saturation of the absorber section of the 
CPM laser, synchronising its saturation with the injected data signal. Preliminary 
characterisation and tests showed that the CPM laser part of the device works as a 
standard CPM laser, as expected.
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Chapter 1: Introduction

Research and development on new materials and material processing for 
electronics and optics, along with the understanding of the physical processes related to 
these materials in the past 50 years are leading mankind into the information age. 
Discrete electronic devices firstly, and then electronic integrated circuits 
(microelectronics) have transformed the world, changing the concepts of 
communication, work and life that had persisted almost intact for centuries. The ever 
increasing demand for these transformations are pushing electronic devices and systems 
to their limits, in terms of speed and functionality. However, associated to electronics, 
the development of semiconductor lasers and optical fibres as compact, high 
performance and low cost means of optical signal generation and transmission boosted 
the development of optoelectronics in general. This combination of the already 
developed electronics with the large bandwidth (high speed) and parallelism (high 
interconnectivity) of optics is capable of changing the limits of the systems, setting a 
much higher standard for their services. And as in the evolution of electronics, the 
development of optoelectronic integrated circuits (OEICs) and photonic (all-optical) 
integrated circuits (PIC) is expected to trigger a new technological revolution. This 
"microoptoelectronics" will launch us all deep into the information age, when machines 
will have much higher levels of functionality, as well as much higher levels of 
machine-machine and machine-man interactivity.

Within the context of the development of microoptoelectronics for the 
information age, this thesis is concerned with the design, fabrication and 
characterisation of high speed optoelectronic devices, namely monolithic passive 
colliding pulse mode-locked quantum well lasers for high speed short pulse generation. 
As an introduction to the thesis this first chapter presents a general outlook of quantum 
well lasers, short optical pulse generation and their applications. Section 1.1 gives an 
introduction to quantum well structures and quantum well lasers, which are key 
elements for the realisation of OEICs. Section 1.2 presents an overview of the field of 
short pulse generation in semiconductor lasers. Section 1.3 discusses a set of device and 
system applications of high speed short pulses generated by semiconductor lasers. 
Section 1.4 gives the outline of the rest of the thesis. The references to this chapter are 
listed in order of appearance in section 1.5.
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1.1. - Quantum Well Lasers
This section is not intended to fully cover such a vast topic as quantum well 

structures and lasers, which can be treated at many different levels of complexity. 
Therefore, only a short overview of the most important aspects of semiconductor 
quantum sized structures relevant to quantum well lasers will be mentioned here. 
Useful review papers on quantum well structures and devices were published by L. 
Esaki [1] and H. Okamoto [2]. Relevant text books on these subjects are found in 
references 3 to 6, and the most comprehensive and up-dated publication on the field is 
the book on quantum well lasers edited by P. S. Zory Jr. [7],

A quantum well structure consists of one or more very thin layers of a relatively 
narrow bandgap semiconductor interleaved with layers of a wider bandgap 
semiconductor. For example, GaAs for the narrow and AlGaAs for the wider bandgap 
semiconductor. If these layers are thinner than the electron mean free path, the system 
enters into a quantum regime, in a manner analogous to the well-known quantum 
mechanical problem of the "particle in a box". The carriers (electrons and holes) are 
confined to the narrow bandgap "well" by larger bandgap "barrier" layers. For infinitely 
high barriers the magnitude of the wavefunction of the carriers must approach zero at 
the barrier wall because the probability of finding the particle within the wall is very 
small. The set of wavefunctions which satisfies these boundary conditions corresponds 
to only certain states for the carrier. The carrier motion is thus quantized, with discrete 
allowed energies corresponding to the different wavefunctions.

Due to the quantization of the wavefunctions in one direction (z direction, the 
growth direction of the epitaxial layer) in the well layer, the energy dependence of the 
density-of-states for electrons and holes changes to a staircase form. Figure 1.1 shows a 
quantum well energy bandgap structure with the quantized energy levels and the 
corresponding density-of-states p(E) for quantum well and bulk materials. In bulk 

crystals, where the layers thickness is larger than the carrier mean free path, the 
density-of-states is always parabolic and it is equal to zero at the minimum energy (i. e. 
at the band edge). In contrast, the staircase form of p(E) in quantum well structures has 

a finite non-zero value of density-of-states even at the minimum energy. Furthermore, 
the form of the staircase can be tailored by changing the layers' thickness of the 
structure, which changes the energy of the confined states.

For most practical purposes, quantum size effects are negligible for layers 
thicker than 20 nm. Therefore, the realisation of quantum well structures followed the 
advancement of crystal growth technology by molecular beam epitaxy (MBE) and 
metal-organic chemical vapour deposition (MOCVD), since the liquid phase epitaxy 
(LPE) technology usually used for bulk material growth could not grow such thin 
layers.
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Figure 1.1: (a) Band structure for conduction and valence band with the quantum 
energy levels in a quantum well E je and E2e are n -1  and n=2 electron levels, and 
Elhh and Ejih are n -1  heavy-hole and n=l light-hole levels, respectively, (b) Density of 
states as a function o f energy for a QW structure (solid line) and for a bulk crystal 
(broken line) [2].

Another remarkable feature of quantum well structures is the observation of 
room-temperature excitons. From three dimensional (bulk) semiconductor physics it is 
known that the absorption spectrum is not simply determined by the creation of a free 
electron and a free hole. The carriers are correlated in their motion in a way that can be 
described as the simple Coulomb attraction of the electron and the hole. They orbit 
around each other as in a hydrogen atom, with the hole acting as the proton. As in the 
case of the hydrogen atom, this attraction leads to bound levels, the lowest of which is 
one effective Rydberg below the continuum level and in which the electron and the hole 
are bound to each other within an effective Bohr radius. Normally, excitons have such a 
short lifetime that their effects can only be observed at cryogenic temperatures. In 
quantum wells, however, the confinement of carrier motion in wells whose thickness is 
smaller than the excitonic Bohr diameter (28 nm in GaAs) leads to an increase of the
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coulombic binding force, and consequently excitonic states become stable at room 
temperature [2, 5, 6]. Excitons are not important for laser action since they are screened 
by the high level of carrier injection in the laser material. However, excitons play a 
crucial rule in absorption based devices such as modulators and saturable absorbers, 
through the quantum confined Stark effect and nonlinear effects of saturation and 
recovery, as will be further discussed in the subsequent chapters.

A quantum well (QW) laser diode is a double heterostructure (DH) laser whose 
active layer is so thin that quantum size effects are present. The use of a very thin active 
layer has several consequences to the laser operation [5, 6]. Firstly, the photon 
generation occurs through carrier transitions between confined states in the conduction 
band and valence band. Therefore, lasing will occur at energies determined mainly by 
the bandgap of the material and the confining energies of the QW states.

Due to the staircase density-of-states of quantum wells, the bottom of the 
conduction band and top of valence band have a finite density-of-states, whereas in DH 
the density-of-states is zero at minimum energy. It implies that in DH lasers the gain 
has to build up from carriers filling up the low density of states levels before it reaches 
high gain (high density-of-state) and the carriers at energies below that high gain level 
are useless. In QW lasers carriers contribute to gain at its peak. This contributes to a 
lower transparency current density and to higher differential gain (gain per injected 
carrier) of QW lasers. However, the price paid is that gain will saturate at a given value 
when the electron and hole states of a given quantized energy level are fully inverted, 
whereas the gain in DH hardly saturates due to the filling of an ever increasing density 
of states. Nevertheless, the problem of low gain saturation can be overcome by the use 
of several wells, rather than only one, separated by barriers, which is known as a 
multiple quantum well (MQW) structure. Quite obviously, MQW lasers have larger 
transparency current densities than single quantum well (SQW) lasers, but they offer 
higher differential gain and higher gain saturation. Therefore MQW lasers are more 
suitable for high loss cavities.

In semiconductors, narrow bandgap materials have larger refractive index, 
therefore a DH provides both optical and carrier confinement around the guiding/active 
layer. The thin active layer improves carrier confinement by concentrating the carriers 
in a smaller volume and population inversion is more easily reached, but, on the other 
hand, it reduces optical confinement of the lasing mode to the active region since the 
layer is too thin to work as a guiding layer for the optical mode. To overcome this 
problem an extra guiding layer is introduced in the structure, in the so called separate 
confinement heterostructure (SCH), or graded-index-SCH (GRIN-SCH) [6]. In chapter 
3 a SCH-MQW laser structure is described in details and the expressions for lasing 
efficiency and threshold current density are given.
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In summary, the advantages of QW lasers over the conventional DH lasers are 
shortly listed below [2, 5, 6].

- Lower threshold current density. It is normally lower by a factor of 3. As 
described above, this is due to the staircase density of states of QW lasers, which leads 
to a lower transparency current, higher differential gain and narrower bandwidth of the 
optical gain as compared with DH lasers.

- Threshold current density less temperature sensitive. QW lasers have larger 
temperature coefficient T0 than DH lasers. GaAs QW lasers typically have T0 in the 
range of 170 to 250 K.

- Polarisation dependent optical gain, which makes the laser oscillate in the TE 
mode. In QW structures, a TE polarised optical wave whose electric vector lies in the 
plane of the QW layers can couple with both the electron heavy-hole transition and the 
electron light-hole transition. The TM polarised optical wave whose electric vector is 
perpendicular to the plane of QW layer, on the other hand, can only couple with the 
latter transition (see figure 1.1). Since the density of states of the heavy-hole state is 
approximately 3 times larger than the light-hole one, the gain and consequently the 
laser emission from QW lasers is highly TE polarised. In bulk material the heavy and 
light hole states are degenerate, therefore the DH laser gain is less polarisation 
selective.

- Higher direct modulation frequency. It may exceed 30 GHz, which is higher 
by a factor of 3 as compared with DH lasers. This higher modulation speed comes from 
the higher differential gain of QW lasers, and specially with MQW lasers, as discussed 
before.

- Higher stability in oscillation wavelength. A QW laser has a narrower optical 
gain spectrum width due to the stair density of states than DH lasers, so that they 
oscillate more easily in a single longitudinal mode (single mode emission).

- Reduced chirping. Chirp is a temporal sweep of the lasing wavelength across 
the laser pulse, resulting from change of the refractive index due to modulation of the 
carrier density. This effect is reduced by a factor of 3 in QW lasers as compared with 
DH lasers due to the higher differential gain of QW lasers.

- Higher reliability. Reliability problems in semiconductor lasers come from 
catastrophic failure due to facet degradation and damage induced by high optical field 
and recombination at the facet, and gradual degradation due to dark line defects. The 
thin active material compared with the thick optical cavity in QW lasers reduces the 
effects that cause catastrophic failure and gradual degradation, improving the device 
reliability.

- Easier monolithic integration. Quantum well structures are more suitable for 
applications in optoelectronic integrated circuits (OEIC) than bulk semiconductors. Due 
to their steeper absorption edge, QWs can form lower loss passive waveguides for
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integration of a laser and an optical modulator for example, making use of the electric 
field effect on the excitons which improves the modulation characteristics. Monolithic 
integration of QW lasers with photodetectors, amplifiers, modulators, switches and 
transistors has been realised [5, 8]. The monolithic integration of laser and saturable 
absorber to form a mode-locked laser will be discussed in the subsequent chapters. 
Also, QW structures can be intermixed by compositional disordering, which changes 
their bandgap and refractive index. This technique can be very useful for the realisation 
of very low loss passive waveguide for OEIC, monolithic extended cavity lasers, low 
loss optical modulators and the fabrication of quantum wire and quantum dot lasers 
from QW material [2, 9, 10].

The reason for most of those characteristics is essentially the staircase density of 
states of quantum well structures, which is the most important feature of these 
structures.

1.2 - Short Pulse Generation in Semiconductor Lasers
Generation of short optical pulses, in the picosecond to femtosecond range, 

from semiconductor lasers can be achieved basically by three techniques, namely gain- 
switching, Q-switching and mode-locking [4, 11-14]. The basic principle of these 
techniques is to switch or modulate the gain or losses of the laser. The wide gain 
bandwidth of semiconductor lasers, estimated to be around 15 nm (~THz), would in 
principle allow the generation of 50 fs pulses at 870 nm.

Gain-switched lasers employ a DC current and a short electrical pulse current 
sources to pump the laser. The DC current can bias the laser just below or just above 
lasing threshold, whereas the large amplitude short electrical pulses (of the order of tens 
to hundreds of picoseconds) switch the gain on and off by modulating the carrier 
density in the cavity. This large carrier density modulation raises the gain well above 
lasing threshold, leading to high intensity laser emission, which in its turn, depletes the 
carrier density below lasing threshold, switching the laser off until the gain recovers 
and is raised again. Typically, this process can generate pulses of around 10 ps width (a 
few round trips) at around a few gigahertz repetition rate maximum, although pulses as 
short as 7 ps at 100 MHz repetition rate have been achieved [15]. Pulse width and 
repetition rate are ultimately determined by the carrier-photon interaction in the laser 
and are limited by the relaxation oscillation phenomenon [12]. The relaxation 
oscillation frequency is given by [4]

^  ( i.i)
f * = ^

where A is the differential optical gain, p0 is the photon density and xp is the photon 

lifetime in the laser cavity, given by [4]
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=  1

where vg is the group velocity of light, a  is the loss of the cavity, L is the cavity length 

and Ri and R2 are the mirror reflectivities. The relaxation oscillation frequency also 
limits the speed of direct signal modulation on diode lasers [16]. Higher relaxation 
oscillation frequency of the laser allows shorter pulse generation at higher repetition 
rate. From the equations above, one can see that the maximum speed of the laser can be 
tailored by proper device design like cavity configuration (reducing photon lifetime by 
using short cavities and anti-reflection coatings), semiconductor material design 
(increasing the differential gain by using MQW structures for example), and 
optimisation of the pumping level (to increase the photon density) [12]. Also, reduction 
of parasitic capacitance and series resistance, which filters the high speed electrical 
signal, as well as the reduction of carrier transport time across the confinement 
heterostructure improves the laser speed [12,16].

The pulse energy of a gain-switched laser is of the order of 4 pj, giving about 
0.3 W peak power for 13 ps pulse width [14]. The laser emits in a broad optical 
spectrum since many longitudinal modes of the cavity are excited as consequence of the 
dynamic overshooting of carrier concentration. During the emission of such high power 
optical pulse the wavelength of each longitudinal mode is shifted (chirp) due to the 
large variation of carrier concentration and the spectral line of the mode is broadened. It 
means that gain-switched pulses are highly chirped, i.e. far from being transform- 
limited pulses [12, 17]. The chirp increases as the optical pulse width decreases and it 
can be minimised by electrical pulse width optimisation [17],

Q-switching, on the other hand, works by modulation of the loss of the laser 
cavity. While the laser population inversion is building up, the switch is held off (in 
high loss state), ensuring a low Q of the cavity and there is no laser emission. As the 
carrier density in the laser reaches its peak, the cavity is rapidly switched on (low loss 
state), to high Q condition, and the stored energy is emitted in form of an intense optical 
pulse [12]. Q-switched lasers usually have two sections, a gain and a loss modulation 
section. If the loss modulation is provided by external electrical modulation it is called 
active Q-switching [12, 14]. If the loss modulation is caused by saturable absorption it 
is called passive or self-Q-switching [12,18]. The loss modulator or saturable absorber 
region can be accomplished by reverse biasing a short segment in a split contact laser, 
for example. The reverse bias red-shifts the semiconductor band edge, introducing loss. 
In the case of active Q-switching a short electrical pulse is applied to the section, 
forward biasing it and opening a short time window of low loss in the cavity for the 
optical pulse being emitted. 15 ps pulses at 1 GHz repetition rate, with 4 pj pulse 
energy were obtained with this scheme [14]. In the case of passive Q-switching, the

( 1.2)
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saturation of the absorber opens the cavity for short pulse emission. The dynamics of 
saturable absorption for pulse shortening will be described in detail in chapter 2. 
Generation of pulses as short as 2 ps at 18 GHz repetition rate, with peak power above 
10 W (50 pJ pulse energy) have been achieved with passive Q-switched lasers [19].

Due to the nature of their operation, which involves high carrier density 
modulation and high power pulse generation, Q-switched lasers have similar speed 
limitations as gain-switched lasers. Pulse width and repetition rate also depend on 
device geometry (cavity length, gain section to absorber section length ratio), gain 
current and absorber reverse bias [12, 18, 19]. Therefore, these parameters can be used 
to tune the pulse width and repetition rate of the laser in a similar way as described for 
gain-switched lasers. Moreover, Q-switched pulses are also very chirped, which can be 
highly undesirable for some applications. However, pulse compression techniques can 
be used to shorten these chirped pulses and obtain short transform limited pulses from 
them [12].

The mode-locking technique is also based on gain or loss modulation in the 
cavity, but differently from the previous cases, here this modulation is small and its 
period must be equal to (or multiples of) the round trip time of the cavity [11-14]. It 
does not shut the cavity completely to allow the build up of a high gain and the 
emission of a high energy pulse. In mode-locked lasers the modulation is just enough to 
synchronise the emission or lock the phases of the several longitudinal modes 
oscillating in the laser cavity. Constructive and destructive interference of these highly 
coherent longitudinal modes leads to pulse formation in the cavity. If an external 
electrical signal provides gain modulation, the laser is actively mode-locked and this 
can be achieved by applying a fast electrical signal superimposed to the DC bias level 
of the gain section of the laser. Passively mode-locked lasers can be accomplished by 
incorporating a saturable absorber in the laser cavity, leading to internal loss 
modulation of the cavity. Hybrid mode-locking, which is a combination of active and 
passive scheme, can also be implemented.

Since the repetition rate of mode-locked pulses depends on cavity length (round 
trip of the cavity), external cavity configurations lead to low repetition rates, typically 
in the megahertz range, and the short length of monolithic cavities, typically of the 
order of 500 pin, gives repetition rates of the order of tens to hundreds of gigahertz. 
Monolithic passive mode-locked lasers can generate subpicosecond pulses at hundreds 
and even thousands of gigahertz because the pulse-shaping mechanisms are determined 
by the difference in transient saturation and recovery time constants between the gain 
and absorber. Therefore, in contrast to gain-switched and Q-switched lasers, it is 
possible to generate short optical pulses with a repetition rate beyond the relaxation 
oscillation frequency of the laser [20]. Pulses as short as 0.61 ps at 350 GHz repetition 
rate have been achieved with a monolithic passive mode-locked laser [20].
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Mode-locked pulses are usually low energy, ranging from 0.02 pj to 1 pJ, giving 
peak powers within the tens to hundreds of milliwats range [14]. Furthermore, due to 
the relatively low carrier density modulation in the laser and the low peak power 
emitted, the pulses generated by mode-locked lasers are close to the Fourier transform 
limit, i. e. they have low levels of frequency chirp, if any. A detailed description of the 
mode-locking technique is given in chapter 2.

In summary, gain-switched and Q-switched lasers generate high energy pulses, 
at a tuneable repetition rate in the range of hundreds of megahertz up to a few tens of 
gigahertz. Pulse widths are of the order of 10 ps, however they are highly chirped. 
Mode-locked lasers generate low energy pulses (it can be about 100 times lower than in 
Q-switched lasers), at a fixed repetition rate given by the cavity length of the laser (it 
can be about 100 times higher than the Q-switched ones). Pulse widths in the range of 
subpicosecond up to tens of picosecond can be achieved, and they are high quality, 
nearly transform limited. Therefore, the present state of development of short pulse 
generation in semiconductor lasers indicates that gain and Q-switched lasers are more 
suitable for high pulse energy and relatively low speed applications, whereas mode- 
locked semiconductor lasers are ideal for low pulse energy, high pulse quality, high 
speed applications.

1.3 - Applications
The availability of a small, compact, robust, efficient, low power consuming 

and low cost source of short optical pulses from semiconductor and specially quantum 
well lasers opens a wide range of applications for these devices, which can be divided 
into three main categories, namely telecommunications, optical computing, and 
optoelectronic measurements.

Telecommunication is the most important area of application of semiconductor 
lasers in general. Short optical pulses from diode lasers transmit high quality voice, 
video and data through optical fibres. However, the demand for broad-band optical 
networks, in the multi-gigabit up to terabit capacity, is increasing rapidly. For example 
the network traffic in the USA in the year 2025 is expected to be of 4 Tb/s [21]. The 
achievement of such high capacity requires the efficient use of both time-division 
multiplexing (TDM) and wavelength-division multiplexing (WDM) [21], for example 
with the implementation of a TDM system within each channel of a WDM system [22]. 
Therefore, the realisation of these networks requires flexible use of time, wavelength 
and space switching [23, 24]. High speed short pulse generation for the high bit-rate 
TDM systems could be provided by a mode-locked quantum well laser for example, at 
repetition rates around 100 GHz [21, 22] with solitonic optical fibre transmission [25, 
26]. Besides signal generation, other functionality required in these systems include
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modu/demodulation, multi/demultiplexing [26, 27], amplification (semiconductor or 
EDFA), and clock signal extraction (see chapter 5) and distribution [28] for signal 
retiming and regeneration [22-24]. To operate at such high speed (100 GHz) these 
optical signal processings must be performed by nonlinear all-optical (photonic) and 
optoelectronic integrated circuits [5, 8, 22-24].

Another aspect of high speed short pulse generation from semiconductor lasers 
that concerns telecommunications is the possibility of performing opto-electrical- 
microwave interfacing. In simple terms, gain-switching, active Q-switching and active 
mode-locking transform microwave electrical signals (driving signals) into microwave 
optical signals (train of optical pulses at laser output). On the other hand, passive 
schemes use saturable absorbers inside the waveguide, which works as photodetectors, 
generating an electrical signal synchronised with the optical oscillation of the laser 
cavity. Therefore, passive Q-switching and passive mode-locking are opto to electrical 
microwave signal transducers [29]. These capabilities can be used in microwave 
optoelectronic systems to perform generation, transmission (optical fibres), processing, 
synchronisation and detection of microwave modulated optical signals [5, 30, 31].

Optical computing applications comprise high speed optical signal generation 
and processing for the realisation of optical clocks [28], optical logic gates [32], optical 
interconnections and optical data storage. Due to their high frequency (repetition rate) 
stability, mode-locked lasers can be used as optical clock generators in an optical 
computing system.

In optoelectronic measurement applications short optical pulses are used to test, 
measure or characterise systems. For example, they can be used to obtain the impulse 
response of optical materials and components, as in pump and probe experiments [14]. 
Short electrical pulses for electronic circuits testing can be generated by electrooptic 
sampling [33]. Laser ranging, optical time domain reflectometry and sensing can use 
short optical pulses from semiconductor lasers to measure distances with high accuracy 
for high precision manufacturing and for guiding and automatic collision avoidance 
systems, as well as to monitor the environment in pollution control systems for 
example.

1.4 - Outline of the Thesis
This thesis is organised as follows: The next chapter, chapter 2, brings a detailed 

review of the mode-locking technique for short pulse generation, with special emphasis 
on passive mode-locking of semiconductor lasers, which is the main subject of this 
work. Chapter 3 is dedicated to the techniques used for the fabrication of mode-locked 
semiconductor lasers. Detailed descriptions of wafer and waveguide structures, wafer 
characterisation techniques and mode-locked laser fabrication process are given.

10
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Chapter 4 describes the techniques used for characterisation of the fabricated devices in 
the mode-locked laser test set-up, including power supplies for laser biasing and the 
time domain and frequency domain measurements. Chapter 5 shows the experimental 
results obtained from the fabricated mode-locked lasers. It presents original work on 
five different configurations of mode-locked lasers, leading to different operating 
characteristics for different applications. Therefore, this is the most important chapter of 
the thesis. Chapter 6 summarises the conclusions from each chapter.

Each chapter is organised in sections and some of them in subsections. They all 
have their own conclusion section, as well as a last section for their own list of 
references, which are organised in order of appearance.

This thesis has three appendixes at the end. Appendix 1 shows the general 
equations for the linear correlator used in chapter 4. Appendix 2 gives a list of 
publications and conference contributions that have arisen from this work, and an 
alphabetically ordered list of references of the entire thesis. And appendix 3 shows 
photocopies of the three journal publications produced from this work.
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Chapter 2: Review of Mode-Locked Semiconductor Lasers

This Chapter is intended to review the more important aspects of mode-locking, 
specially concerning mode-locking of semiconductor lasers. Section 2.1 gives an 
overview of mode-locking, with a simple description of the general concept of mode- 
locking. Section 2.2 reviews the different methods that can be used to achieve mode- 
locking effect, as well as the different configurations of mode-locked semiconductor 
lasers. Section 2.3 is dedicated to the method that is used in this work, which is the 
passive mode-locking, and it will be described in details. In Section 2.4 the 
configuration which is mostly employed for the semiconductor lasers in this work will 
be reviewed, namely the colliding pulse mode-locking configuration. Section 2.5 gives 
a short overview of the causes of instability in mode-locked semiconductor lasers and 
the stabilisation techniques. Section 2.6 brings the conclusions and the new directions 
of the field of semiconductor mode-locked lasers. The references to this chapter are 
listed in appearance order in section 2.7.

2.1. - Simple Description of Mode-Locking
In general terms, mode-locking is a technique of short pulse generation from 

lasers, and it has been employed in gas, dye, solid state and semiconductor lasers. In 
simple terms mode-locking consists of "forcing" the phases of the longitudinal modes 
of a laser cavity to maintain their relative values [1-3]. Figure 2.1 illustrates the effect 
of the superposition of three modes which are exactly in phase at t = 0 and t = T. When 
the modes are in phase they interfere constructively, increasing the total field in the 
cavity, whereas when out of phase they interfere destructively, resulting in a decreased 
total field in the cavity. The overall result of this phase-locking of the longitudinal 
modes of a laser is that, in the time domain, it produces a pulsed intensity, with a period 
equal to T, as shown in figure 2.1 [1].

Although a rigorous analysis of mode-locking must go through the solution of 
Maxwell’s equation for the electric Field in the laser cavity [1-5], the simplified analysis 
that follows, described by Yariv [2], shows some of the general properties of mode- 
locked lasers. Using the complex notation one can write the total optical electric field in 
the cavity as [2]

E(t) = ^ E n  exp{/[(m0 + no))t + 0*]} (2.1)
n

Where n is the longitudinal mode number, co0 is an arbitrary central frequency, co is the 
frequency space between longitudinal modes and 0* is the phase of the nth mode. Using
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this expression one can say that the mode locking technique is to induce the phase of 

the modes (pn to maintain their relative values.

t=0 t=T

CO,

CO
'q+l

COq+2

2L/c
E(t)

I(t)

t
t=0 t= T

Figure 2 .1: Illustration o f  mode-locking effect on total fie ld  an intensity fo r  three modes 
o f frequencies C0q, C Q q+j and C0q+2, which are in phase at t = 0 and t = T [1 ].

One of the forms of mode-locking results when the phases are equal to zero. To 

simplify the analysis of this case, it is assumed that there are N oscillating modes with 
equal amplitudes. So taking En = E and (pn = 0 in equation 2.1 it gives

( N - 1)/2

E(t) = E ■ ^exp{/'(ct)0 + nco)t]
- ( N - 1)/2

E ( t )  =  E . ex p{ iC 0 o t }
sin {N o t / 2)
sin(cot / 2)

The average laser power P(t) then is given by

(2 .2)

(2.3)

(2.4)

15



J. F. Martins-Filho Chapter 2: Review of Mode-Locked Semiconductor Lasers

Figure 2.2 shows a plot of equation 2.4 for the output power of a mode-locked 

laser w ith 3 and 5 modes of equal am plitude locked. It was calculated using 

Mathematica® enhanced version 2.0 software package.

25

20

- 0.25 0.25 0.5 0.75 1 .250 1

t / T

Figure 2.2: Theoretical plo t o f  equation 2.4 fo r  a mode-locked laser with N  modes 

locked, with P0 equal to 1. The time scale is normalised in round-trips T.

From equation 2.4 and figure 2.2 some properties of P(t) can be observed:

- The optical power is emitted in a form of a train of pulses with a period 
T=2tc/co = 2L/c, which is the round trip time of the cavity.

- The peak power P(sT) (for s = 1, 2, 3, ...), is equal to N times the average 

power and to N 2 times the amplitude of a single mode, where N is the number of modes 

locked together.

- The individual pulse width, defined here as the time from the peak to the first 

zero is T0 = T/N.
- The number of oscillating modes can be estimated as N e  A co/cd, that is the 

ratio of the transition lineshape width to the frequency spacing co between modes. Using 

this relation together with T = 2ti/g) and Vo = T/N we obtain Vo = 2n/Aa> = 1/Av. It 

means that mode-locked pulses are ideally Fourier transform limited.

From these properties one can observe that for the case of semiconductor lasers, 

the usual short cavity length of monolithic devices (-500  fim) allows the generation of 

a train of pulses at a very high repetition rate (-100  GHz). Moreover, due to the wide 

gain-bandwidth of semiconductor lasers (~THz), down to femtosecond optical pulses 

can be generated, in principle [5-7]. The small size, low power requirem ents and 

monolithic integration facilities of semiconductor devices allow a wide possibility of
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applications for mode-locked lasers. It ranges from high speed telecommunication and 
optical computing systems to short pulse sources for optoelectronics and nonlinear 
optical measurements [6,7].

2.2 - Methods and Configurations of Mode-Locking in Semiconductor Lasers
The mode-locking effect is achieved by modulating the losses or the gain of the 

laser at a frequency equal to the intermode frequency spacing or a multiple of it [1-3]. 
In other words, it can be accomplished by a small gain or loss modulation of the modes 
at a period equal to the round trip time of the laser cavity. There are three techniques 
that can be used to induce the mode-locking effect in semiconductor lasers. They are 
the active, passive and hybrid mode-locking. A laser can be actively mode-locked by 
applying a repetitive electrical pulse stream with a period equal to the laser round trip 
time superimposed on a DC bias. The electrical pulses must be narrow to create a very 
short time window of net gain in the device [6, 8-11]. Different to the active, the 
passive mode-locking technique uses a saturable absorber inside the laser cavity to 
obtain loss modulation and therefore mode-locking effect. No external electrical 
modulation signal is required [6,7]. Passive mode-locking will be discussed in detail in 
section 2.3. Hybrid mode-locking is basically a combination of active and passive 
mode-locking techniques [6,12].

These techniques can be used in external extended cavity or monolithic 
configurations [6-12]. Figure 2.3 shows some of the more common configurations of 
mode-locked semiconductor lasers. An external cavity mode-locked laser usually 
contains a focusing lens and a mirror in the external cavity, which is coupled to the 
internal laser cavity through a anti-reflection coated facet. The saturable absorber 
section may also be in the external cavity, in an external cavity external absorber 
configuration (figure 2.3-a) [13]; or integrated in the semiconductor laser, in an external 
cavity integrated absorber configuration (figure 2.3-b) [14]. Instead of a mirror the 
external cavity configuration may have a diffraction grating, which can provide optical 
feedback to the laser, as well as wavelength tuneability [15]. However, the mechanical 
instabilities of an external cavity and imperfect anti-reflection coating, which may 
cause multiple pulse formation, are the main drawback of the external cavity 
configuration in comparison to the monolithic one. This multiple pulse formation can 
be suppressed by a saturable absorber, which filters the secondary pulses [16]. 
Monolithic lasers are more compact, robust and suitable for applications in 
optoelectronic integrated circuits. Moreover, passive mode-locking in a monolithic 
cavity is the most suitable configuration for ultra-high speed (above 100 GHz) short 
pulse (around 1 ps) generation.
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The operation of mode-locked lasers depends also on the position of the 

saturable absorber section in the cavity. Figure 2.3-d shows a laser which has the 

absorber section placed in the middle of the laser cavity in a configuration known as 

colliding pulse mode-locking (CPM). CPM lasers have distinct features and they will 

be discussed in detail in section 2.4.

Laser diode Saturable absorber

AR

b)

d)

Figure 2.3: Some configurations o f m ode-locked semiconductor laser: a) passive in 

external cavity external absorber, b) hybrid in external cavity integrated absorber, c) 

passive monolithic integrated, and d) passive monolithic CPM. Dark areas indicate 

gain sections o f  the laser diode and hatched areas indicate saturable absorber sections. 

L is lens, M  is mirror and AR is anti-reflection coating.
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Mode-locked lasers in monolithic cavities can also incorporate an embedded 

grating, in a distributed Bragg-reflector (DBR) configuration, which provides spectral 

filtering and bandwidth limitation [11, 17]. Other configurations for mode-locked lasers 

include ring cavity lasers (see section 5.3 of Chapter 5) and vertical-cavity surface- 

emitting lasers (VCEL) [18].

2.3 - Passive Mode-locking
2.3.1 - Pulse shortening effect
In semiconductors the saturable absorber works as a slow saturable absorber, 

which means that its recovery time is longer than the mode-locked pulse duration [ 1, 

19], Therefore, for this type of passive mode-locking, the gain and absorption saturation 

and recovery times are mainly responsible for the pulse shortening effect. Figure 2.4 

shows the dynamics of the time dependent gain and absorption loss in a passive mode- 

locked laser system with a slow saturable absorber [19].
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Figure 2.4: Gain and loss dynamics fo r  ideal mode locking with a slow saturable 

absorber [19].

The dynamics of passive mode-locking pulse build up and shortening can be described 

as follows [1, 19]: In a very early stage the laser reaches a first threshold at which the 

laser gain first equals the total losses due to the unsaturated absorber, cavity output 

coupling and all other cavity losses. After that, the laser cavity will be amplifying the

19



J. F. Martins-Filho Chapter 2: Review of Mode-Locked Semiconductor Lasers

weak noise that comes from the spontaneous emission. At some point the laser reaches 
a second threshold, beyond which some single preferred noise spike becomes powerful 
enough to start saturating the absorber on succeeding round trips. Therefore this pulse 
will experience a higher net gain than the others in the cavity. It will grow more rapidly 
and make the cavity even lossier for lower intensity peaks due to gain saturation. Before 
the arrival of this pulse in the absorber the loss is then larger than the gain. Therefore 
the leading edge of the pulse experiences loss. As the intensity of the pulse increases, 
however, the loss should saturate faster than the gain, so that the central part of the 
pulse will be amplified. When the gain becomes saturated below the unsaturable loss 
(facet reflectivity, waveguide loss, etc.), the trailing edge of the pulse will experience 
loss. If the recovery time of the loss is faster than that of the gain, then the loss will 
remain higher than the gain everywhere except near the peak of the pulse. On a round 
trip in the resonator, the combined action of gain and loss saturation and recovery at 
appropriate times is to shorten the pulse by amplifying the centre and attenuating its 
leading and trailing edges, as shown in figure 2.4 [19]. The final generated pulse width, 
in the steady state (after several round trips), will depend on the balance between this 
pulse shortening effect and the pulse broadening effect which will be described in 
section 2.3.4.

2.3.2 - Conditions for mode-locking
The two underlined requirements in the above section represent the conditions 

for mode-locking that a saturable absorber must satisfy [6, 7, 19]. The first one implies 
that the saturation energy of the gain must be larger than the saturation energy of the 
absorber section. The saturation energy of the gain (g) or absorber (a) is given by:

hvA„ 
ga= ~d[g,a\/dNga

Esa, = (2.5)

where h is the Planck's constant, v is the optical frequency, Ag<a is cross sectional area 
of the laser beam in the gain or absorber section, and d[g,a]/dNg,a is the differential 

gain or absorption with respect to carrier density N. Therefore the first condition can be 
written as:

hvA hvA
>*TTTL~ (2-6)dg/dNg da/dNa

The second condition is that the recovery time of the saturable absorber must be shorter 
than the recovery time of the gain, i. e.

< T, (2.7)
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2.3.3 - Techniques for producing saturable absorption in semiconductors
The first condition for mode-locking, given by equation 2.6, is satisfied in a 

semiconductor due to the sublinear dependence of the differential gain on the carrier 
density [6, 7], as illustrated in figure 2.5. The larger differential gain at the absorbing 
region (lower carrier density) compared with the smaller differential gain at the gain 
region (higher carrier density) guarantees that the first condition is achieved. The 
reduction in differential gain with increased carrier density is particularly large in 
quantum well lasers due to the step-like density of states function of quantum wells [6]. 
The mode cross sectional area A can be used to reduce the saturation energy of 
saturable absorbers, specially in an external cavity external absorber configuration as 
shown in figure 2.3-a where the laser beam can be easily tight focused in the saturable 
absorber. In monolithic cavities it can be more difficult since the optical mode is 
already tightly confined in the waveguide, although a non-conventional non-uniform 
waveguide could be constructed for this purpose.

d
d Gain section bias
c
03
C7>

Transparency03■oo
2 Q.

Saturable absorber bias

Carrier density (N)

Figure 2.5: Saturation characteristics o f the modal gain (gain or absorption) in 
semiconductors as a function o f carrier density. The differential gain is represented by 
dashed lines.

The second condition for mode-locking, given by equation 2.7, is not 
automatically satisfied in semiconductors. The spontaneous emission recombination 
time, typically 1 ns, is too long for effective absorption recovery. Several techniques 
have been used to decrease the absorption recovery time of semiconductor saturable 
absorbers and they will be described here.

A - Aging: By aging the laser to the point of severe degradation one can 
introduce dark line defects. These defects act as source of non-radiative recombination, 
which have fast recovery time [20]. This technique has produced 0.58 ps pulsewidth
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[21]. However the concentration of the defects increases rapidly and results in 
accelerated degradation and failure of the lasers.

B - Tight focusing: As mentioned before, this technique can be used in external 
absorbers, where the laser beam can be tightly focused. In this scheme the recovery 
time of the absorber can have a large contribution of lateral diffusion of carriers out of 
the interaction region, reducing the overall recovery time [13, 19]. Although this 
technique has produced 1.6 ps pulses [13], it is limited in speed and is not convenient 
for monolithic configurations.

C - Proton bombardment and ion implantation: These techniques use proton 
bombardment [19, 22] or heavy ion implantation [23-25] to damage the semiconductor 
material near one laser facet, creating fast recombination centres. Pump and probe 
measurements of the recovery time of proton bombarded absorbers showed that, 
depending on the proton dose, up to 10 ps recovery time can be achieved [19]. 0.65 ps 
pulses at 1 GHz repetition rate have been produced with this technique [22]. Nitrogen 
and oxygen ion implantation have produced 5 ps pulses at 40 GHz repetition rate [24], 
and up to 200 GHz repetition rates [25]. However, although effective, these techniques 
produce instabilities in the laser operation due to the process of auto-annealing of the 
bombarded regions and the long term reliability of the devices is questionable.

D - Non-uniform injection in split contacts: This technique uses a short section 
formed by splitting the contact of the laser as a saturable absorber, which is reverse 
biased [14, 26-28]. The reverse bias introduces a controllable amount of absorption in 
the section as it will be described later. When an intense pulse reaches the absorber 
section it is saturated by mostly band filling. The electric field produced by the applied 
reverse bias then sweeps out the generated carriers from the absorber region, returning 
it to the unsaturated state. Since this technique does not rely on any damage of the 
material it is inherently more reliable [6, 14]. Pump and probe measurements of the 
absorption recovery time of such type of saturable absorbers showed that the absorption 
recovers in approximately 10 ps [6, 16]. This technique is employed in most of the 
recent work involving semiconductor integrated saturable absorbers and it is also used 
in the experimental results presented in Chapter 5.

Semiconductor quantum well materials offer extra features to saturable 
absorbers. Firstly, as it was mentioned before, the sublinear dependence of the modal 
gain with carrier density in quantum well is more favourable to satisfy the first 
condition of mode-locking (equation 2.6 and figure 2.5). Also, the introduction of 
absorption by reverse biasing the semiconductor material is more efficient in quantum 
wells than in bulk material due the electric field dependent bandgap shifting effect 
known as the quantum confined Stark effect [29-31]. An electric field applied 
perpendicular to the quantum well layers causes a tilt of the band structure, as 
illustrated in figure 2.6. The electron and hole wavefunctions tend to move to opposite

22



J. F. Martins-Filho Chapter 2: Review of Mode-Locked Semiconductor Lasers

sides of the well but the walls prevent them from going too far. Absorption occurs 

below the band edge due to the evanescent tails of the wavefunctions in the conduction 

and valence band into the forbidden gap [29]. The equivalent mechanism in 3D (bulk 

material), the Franz-Keldysh effect, is a less efficient optical modulator because the 

wavefunctions are free to smear out to opposite sides of conduction and valence band, 

leading to diminished spatial overlap [29, 30]. M oreover, excitons are preserved in 

reverse biased quantum well structures. Although the saturation of the absorber is 

mostly due to band filling [29-31], there might be a contribution of excitonic saturation 

in the quantum wells, which would lead to a fast recovery component of the saturable 

absorber [32], Section 5.2 of Chapter 5 discusses the issue of the fast components of 

saturable absorption in bulk and quantum well materials and their contribution to the 

operation of ultra-high-speed mode-locked lasers (at repetition rates above 200 GHz).

QW-no applied E-field QW-with applied E-field

Er, + E1conf

W
Figure 2.6: Schematics o f  the effect o f  an electric fie ld  applied transfer sally to a 

quantum well (quantum confined Stark effect) [29],

2.3.4 - Pulse broadening effect
In the steady state, the pulse shortening effect discussed in section 2.3.1 is 

balanced by a pulse broadening effect due to the combined effect of group velocity 

dispersion and self-phase modulation [6 , 33-36]. Figure 2.7 shows the effect of self­

phase modulation (SPM) in mode-locked semiconductor lasers due to the Kerr effect, 

gain and absorption saturation [36]. The Kerr effect introduces an intensity dependent 

contribution to the refractive index as follows [37]

n = n0 + n2I{t) (2 .8 )
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where n0 is the linear (intensity independent) retractive index, i\2 is the nonlinear 

refractive index and I is the instantaneous intensity of the pulse. Therefore, in the Kerr 

effect SPM the index of refraction change is proportional to the instantaneous intensity 

of the pulse. The changes in the index of refraction cause modulation of the phase of the 

optical pulse (<J>), as well as of its instantaneous frequency (coO, which is defined as 

follows [1, 37].

co, = - d(p(t)
dt

2 nL dn 
A dt

(2.9)

where L is the optical cavity length, A is wavelength and n is the index of refraction. It 

can be seen from equation 2.9 that bandwidth broadening due to SPM is inversely 

proportional to the pulsewidth, i.e. shorter pulses produce more changes in the 

refractive index per unit of time, generating more instantaneous frequencies.
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Figure 2.7: Self-phase modulation effects in mode-locked semiconductor lasers due to 

(a) Kerr effect, (b) gain saturation and (c) absorption saturation [36].

The Kerr effect SPM induces a linear chirp across the central part of the pulse. 

However the dominant SPM effect in a passively mode-locked sem iconductor laser
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comes from gain and absorption saturation. When the optical pulse is intense enough to 
saturate the gain of the amplifier section, it produces a depletion of carrier density in 
that region, which in turn increases the index of refraction. Changes in the index of 
refraction are coupled to changes in gain or absorption through the linewidth 
enhancement factor (a) [38, 39], given by [38]

4Re{;r(A0}]/<flV
d[lm{X(N)}]/dN  (210)

a  =  -

where % is the linear susceptibility and N is carrier density. Typical values of a  range 

from 0.5 to 8 in semiconductor lasers [38].
As illustrated in figure 2.7 and equations 2.9 and 2.10, the self-phase 

modulation in the saturable gain and absorber medium of the laser cause nonlinear chirp 
and excess optical bandwidth, beyond the Fourier transform limit, to short optical 
pulses, but it does not broaden the pulse by itself. Pulsewidth broadening is caused by 
the group velocity dispersion in the laser cavity, which can be enhanced by the spectral 
broadening caused by SPM [35, 40]. GVD causes temporal broadening of the pulse 
since each wavelength component of the pulse travels at a different velocity in the 
cavity. The GVD parameter is defined as [37]

(2 1 1 )vg dco Inc  dX

where vg is the group velocity and c is the speed of light in vacuum. GVD in 
semiconductor lasers is caused basically by chromatic dispersion and gain dispersion
[35]. Chromatic dispersion comes from the frequency (or wavelength) dependence of 
the refractive index of the material [37]. Gain dispersion is due to the finite gain 
bandwidth of semiconductor lasers. Optical pulses shorter than a few picoseconds have 
a wide enough spectrum so that different spectral components experience different gain. 
Because of the interrelationship between gain and refractive index, given by the 
linewidth enhancement factor (equation 2.10), this gain dispersion enhances the group 
velocity dispersion [35], according to equation 2.11.

Therefore, the pulse broadening due to GVD can be enhanced by the spectral 
broadening due to SPM [35, 40], and the overall pulse broadening effect due to GVD 
and SPM increases as the pulsewidth is reduced due to the pulse shortening effect 
described earlier. These effects ultimately balance each other and limit the width and 
overall quality of pulses from mode-locked lasers. A possible way to diminish the pulse 
broadening effect, specially for high power extended cavity lasers, is the insertion of a
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bandwidth limiting element like a grating in the external cavity [9] or an integrated 

Bragg-reflector in a monolithic cavity [11]. This com bination of pulsewidth and 

spectral broadening effects is less pronounced in short monolithic cavity lasers because 

of the typical low peak power generated by these devices.

2.4 - Colliding Pulse Mode Locking
The colliding pulse configuration of mode-locked lasers consists of positioning 

the saturable absorber section exactly in the middle of the laser cavity. This geometrical 

factor induces the formation of two counter-propagating pulses which collide in the 

absorber section. It is due to the fact that two pulses colliding in the absorber saturate 

the absorber more easily than only one, whereas they experience less gain saturation 

when in the two gain sections. Therefore, this is a less lossy solution for the laser 

operation and this colliding pulse effect makes the laser satisfy the conditions of mode- 

locking (section 2.3) more easily than an non-colliding pulse configuration [6 , 40, 41]. 

Figure 2.8-a shows the schematic diagram of a colliding pulse mode-locked (CPM) 

laser.

a) CPM

gain absorber -^gain

b)SCPM

High reflectivity 
facet coating

Figure 2.8: Schematic top view diagram of: a) the colliding pulse mode-locked (CPM), 

and b) the self-colliding pulse mode-locked (SCPM) laser configuration.

Because of the two pulses circulating in the cavity the repetition rate of a CPM 

laser is doubled. Also the separation between longitudinal modes is twice the value of a 

non-colliding pulse mode-locked laser of the same cavity length. The repetition rate ( / )
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and the longitudinal mode separation ( AA) of CPM and ordinary (non-CPM) lasers are 
given by:

fcpM = T ~  (2-12)L n

(2 ' 13)

A Xc m = ~ ^ O l L  (2.14)
L n  c

22 22 . f
A A „ , = - ^  = L J ^ .  (2.15)

2 L n  c

where c is the velocity of light in vacuum, n is the index of refraction, X is lasing 

wavelength and L is cavity length. This doubling of the pulse repetition rate and 
longitudinal mode separation can be understood as if the presence of the two pulses in 
the cavity introduces an even symmetry in the cavity, which changes the resonance 
conditions of the cavity. Effectively, due to this even symmetry, the cavity behaves as if 
its length is half of its real value. This effect is useful to detect mode-locking operation 
of the laser, since the intermode spacing can easily be measured from the optical 
spectrum of a laser of typical cavity length, around 500 |dm (see Chapter 5).

Figure 2.8-b shows the schematic diagram of a self-colliding pulse mode-locked 
(SCPM) laser. In the SCPM laser configuration the saturable absorber is placed at one 
end of the cavity, near the facet, which is coated to have a high reflectivity, ideally 
100%. This causes the single mode-locked pulse in the cavity to collide with itself at 
the saturable absorber section, benefiting from the same colliding pulse effects 
described before for the CPM configuration. From the mode-locking point of view 
these two configurations are equivalent. However, the SCPM has the advantage of 
needing a shorter cavity to achieve the same pulse repetition rate, which is important for 
the fabrication of low repetition rate lasers. Also it does not have the requirement of 
symmetry on the position of the saturable absorber in the cavity as in the CPM 
configuration. Moreover, due to the high reflectivity facet and the smaller gain section 
the lasing threshold is lower and the lasing efficiency is higher. On the other hand, the 
facet coating is an extra elaborated fabrication step, and a non-perfect (not 100% 
reflectivity) coating leads to a diminished colliding pulse effect [6,40].

The colliding pulse effect described before, which reduces the requirement on 
the saturation energy of the absorber, improving pulse shortening, is sometimes called 
incoherent colliding pulse effect since it does not take into account the coherent effects
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of the collision of the pulses, which lead to the formation of a transient grating in the 
absorber [6, 40]. The pulse overlap creates a transient standing wave pattern in the 
optical field and consequently a transient grating of carriers in the absorber. This 
coherent colliding pulse effect increases the optical intensity at the peaks of the 
standing wave pattern and reduces the total volume of absorber material to be saturated 
since the saturation is not required at the valleys of the grating [6, 40, 41]. Therefore, it 
further reduces the necessary pulse energy to saturate the absorber. It can also improve 
the recovery of the absorber since, after the passage of the pulse, the carrier grating can 
diffuse from the saturated grating peaks to the unsaturated valleys. The colliding pulse 
effect allows a passively mode-locked laser to operate at a lower pulse energy for 
maximum pulse shortening effect, reducing the pulse broadening effect due to 
self-phase modulation and group velocity dispersion [6].

The CPM configuration was first implemented in dye lasers [42] where the 
coherent colliding pulse effect proved to improve synchronisation, stability and the 
generation of short pulses. It allowed the removal of dispersive intracavity elements, 
such as prisms or diffraction gratings, used to limit the oscillating bandwidth and yet 
producing shorter transform limited pulses [42-45].

In semiconductors, CPM lasers have been realised in external extended cavity 
[46, 47], as well as in monolithic cavities using either passive [41, 48, 49] or active 
techniques [41, 50]. These monolithic CPM lasers, realised by Chen et al, have shown 
to generate short pulses, ranging from 0.65 ps to 3 ps, at repetition rates between 
40 GHz and 350 GHz [41]. CPM quantum well lasers have also been theoretically 
investigated [51].

2.5 - Mode-Locking Stabilisation
Most mode-locked laser applications require the generation of an ideally stable 

train of pulses, with low timing jitter and low frequency and energy fluctuations. 
However, semiconductor mode-locked lasers have been shown to produce these kinds 
of instabilities, due to phase noise caused by the relatively large index of refraction 
variation induced by carrier fluctuation in the semiconductor material [6, 52, 53]. 
Among the different methods of mode-locking, passive mode-locked lasers have shown 
to produce larger timing jitter levels due to the fact that they are free running 
oscillators, with no electrical synchronisation signal, and with a relatively low Q cavity 
[6, 53].

It is also desirable to synchronise and even frequency tune the train of pulses 
produced by the mode-locked laser to other optoelectronic devices. This task can be 
particularly difficult in monolithic short cavity passively mode-locked lasers due to the 
lack of a synchronisation signal and their high repetition rate. However, the saturable
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absorber of a passive mode-locked laser also acts as a photodetector, generating an 
electrical train of pulses, as an electrical oscillator in phase with the optical oscillator 
(the laser). This microwave signal [54] can be used in an external electrical or 
optoelectronic feedback circuitry to stabilise and synchronise the mode-locked laser 
oscillation [40, 55, 56], These feedback stabilisation techniques have produced a 
reduction of 40 dB in the phase noise and a reduction of nearly 10 dB in the level of 
timing jitter in a passively mode-locked laser [55].

2.6 - Conclusions
This chapter has reviewed the principles and the physics involved in the mode- 

locking process, with particular emphasis on passively mode-locked semiconductor 
lasers. The different methods, configurations and design considerations to achieve 
mode-locking in semiconductors have been discussed, specially for the passive 
colliding pulse configuration, which is the subject of the investigation described in 
Chapter 5. Also, some aspects of timing stabilisation of these mode-locked lasers have 
been looked at.

In summary, mode-locked semiconductor lasers are capable of generating down 
to subpicosecond pulses at repetition rates ranging from hundreds of megahertz to 
hundreds of gigahertz or more. The main advantage of semiconductor mode-locked 
lasers over other types of mode-locked lasers is their manufacturability. Monolithic 
devices can be mass produced, leading to the realisation of a low cost, small size, small 
weight, robust, low power consumption and long life time sources of short pulses, 
which can be monolithically integrated with other optoelectronic devices. The major 
limitation of semiconductor mode-locked lasers is their low pulse energy (about 10 pJ), 
and this is one of the emerging subjects of research in the field. A promising way of 
solving this problem is the use of semiconductor amplifiers in flared waveguides, in 
either discrete of integrated configuration. The use of flared amplifiers to obtain high 
powers from mode-locked lasers is addressed in section 5.4 of Chapter 5.

Another recent theme of investigation in semiconductor mode-locked lasers is 
the pursuit of ultra-high-speed operation, i.e. the generation of short pulses at ultra-high 
repetition rates, reaching the terahertz range. This can be accomplished by inducing the 
laser to operate at harmonics of its repetition rate. These lasers can have an important 
rule on future broadband (~THz) time-division-multiplexed (TDM) communication 
systems. Section 5.2 of Chapter 5 is concerned with the ultra-high-speed mode-locking 
operation of semiconductor lasers, as well as the physical processes involved in this fast 
operation.

For near future application of semiconductor mode-locked lasers in 
communication systems, the repetition rate of the lasers must be in the range of 10 GHz
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to 40 GHz. These repetition rates can only be achieved with cavity length longer than 1 
mm. Achieving good CW mode-locking lasing with such long cavities in a monolithic 
device is presently the topic of several research teams. One possibility is the use of a 
quantum well intermixing technique to passivate part of the laser cavity [57, 58], 
producing an integrated extended cavity. Also the use of a ring cavity, which has a 
higher Q factor than linear Fabry-Perot cavities, allows CW mode-locked operation of 
long semiconductor lasers. Moreover, ring cavities are more attractive for applications 
of mode-locked lasers in optoelectronic integrated circuits. These matters, concerning 
mode-locked ring lasers, are addressed in section 5.3 of Chapter 5.

The realisation of more complex integrated devices based on mode-locked 
lasers to execute several different functions is also one of the current areas of research 
and development. A monolithic multisection mode-locked laser device could provide 
optical and microwave emission, with wavelength and repetition rate tuneability, timing 
stabilisation, power amplification, as well as light detection for monitoring and 
synchronisation, all in one chip [40, 54]. Likewise, the use of mode-locked lasers to 
perform signal processing, as in a clock recovery device for all optical signal 
regeneration, which is further discussed in section 5.5 of Chapter 5. The above listed 
current topics, among many others not mentioned, highlight the importance of research 
and development on semiconductor mode-locked laser physics and technology.
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Chapter 3: Device Fabrication

The monolithic colliding pulse mode-locked (CPM) laser configuration consists 

of a laser which has a saturable absorber section integrated in the middle of the cavity. 

Figure 3.1 shows a schematic diagram of a CPM laser, where one can see the saturable 

absorber section in between the gain sections of the laser. This particular geometry 

induces the laser to generate short pulses at a repetition rate that is dependent on the 

cavity length. In other words the laser is mode-locked. The peculiarity of this device, 

which is having different sections m onolithically integrated, dem ands specific 

fabrication procedures in order to construct the device, as well as to obtain the desired 

performance from it. For example the dimension, position and isolation of each section 

from each other determine the characteristics and operation conditions of the device. 

This chapter covers the fabrication of monolithic CPM semiconductor lasers, from the 

description of the wafer used, up to mounting the device for tests.

sat.  absorber s e c t i ongain s e c t i o n s

ground

act i ve  layer

Figure 3.1: Schem atic diagram  o f  the colliding pulse m ode-locked (CPM) laser 

configuration. Gradient indicates laser output at the waveguide.

Section 3.1 describes the sem iconductor m aterial structure as well as the 

procedure to characterise it as a laser, where parameters such as efficiencies, losses and 

current densities are obtained. Section 3.2 is concerned with the waveguide structure 

used in the mode-locked lasers, whereas in section 3.3 every process of fabrication of 

the lasers is described in details. Section 3.4 emphasises and further discusses some 

crucial steps of the fabrication procedure. It also brings the analysis of preliminary tests 

performed on the devices and the conclusion of the chapter. The references to this 

chapter are listed in section 3.5.
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3.1 - Material Structure and Characterisation
The lasers are fabricated using a wafer which includes an active layer of 

GaAs/AlGaAs 4 quantum wells, grown by atmospheric pressure metal organic vapour 

phase epitaxy (APM OVPE) in Sheffield University. The sem iconductor material 

structure consists of a 0.2 qm thick, heavily p-doped with zinc (2 x l0 19 cm 3), GaAs cap 

layer. It is followed by 1 qm p-type carbon doped (2 .2x l0 17 cm 3) Alo.43Gao.57As upper 

cladding layer. The quantum well structure consists of four 10 nm GaAs wells spaced 

by three 10 nm Alo.20Gao.80As barriers and they are surrounded by two 0.1 qm 

Alo.20Gao.80As layers in a separate confinem ent structure. These guiding layers are 

undoped. The lower cladding layer is formed by Alo.43Gao.57As silicon n-doped 

(1 .4x l0 17 c n r3) layer 1.7 qm thick. A Hitachi GaAs substrate and a 1 qm thick GaAs 

buffer layer, both n-doped with silicon (1 .5 x l0 18 c m '3), are used. This material 

structure is shown in figure 3.2.

0.2 qm p++ GaAs 

1 qm p AI43Ga5 7 As

0.1 qm AI20Ga80As 

4 QW GaAs/AI20Ga80As 

0.1 qm AI20Ga80As

 1.7 qm n A^GasyAs

 1 qm n+ GaAs buffer
and substrate

Figure 3.2: C ross-section o f  the gallium  arsenide/alum inium  gallium  arsenide 

semiconductor material, with thickness and composition o f  each layer.

The characterisation of the wafer as a laser material is performed by fabricating 

a simple wide oxide stripe gain guided laser and obtaining the internal losses, quantum 

efficiency, threshold current density, transparency current density and differential gain 

from it [1]. This structure is suitable for the characterisation purposes since the 75 qm 

wide stripe used allows the neglect of the current spreading effect in the upper cladding
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layer of the material. The current spreading makes the effective current injection area 
larger than the actual area of the stripe structure, which introduces an error to the 
calculation of the current densities [1, 2], Besides, the gain guiding structure is free 
from extra losses (mainly scattering) that could be introduced by an index guided 
structure like rib or ridge waveguides, for example. Therefore the characteristics 
measured here are concerned to the quality of the semiconductor material only. It is 
useful to have an idea of the quality of the material prior to the fabrication of more 
complex structures and devices.

Lasers are cleaved into 3 different lengths, which are 400 |im, 600 |im and 
1000 p.m. Light versus current (L x I) curves for 5 lasers of each length are measured 
and threshold currents, slope efficiencies and external quantum efficiencies near 
threshold are obtained. Table 3.1 list the average results for each laser cavity length.

L (|im) 400 600 1000

Ith (mA) 175 240 330

Jth (A/cm2) 583 533 440

0 slope (W/A) 0.85 0.76 0.69

'Hext (%) 60 53 48

Table 3.1: Average values o f threshold current Ith, threshold current density Jth, slope 
efficiency o f both facets T]si0pe and external quantum efficiency o f both facets T}extfor  

each cavity length L.
The measured slope efficiency is defined as the ratio between the output power 

of the laser and the injected current in the laser and it is sometimes called incremental 
efficiency [1]. A conversion factor of 0.7 (for 870 nm wavelength) is used to obtain the 
external quantum efficiency, which is defined as the ratio between the number of 
photons ejected from the laser and the number of carries injected in the laser [3]. 
Plotting 1/riext as a function of the cavity length, as shown in figure 3.3, and using the

expression for the external quantum efficiency [1,3]
r \

1
Tjext

1
Tj int

a -L
+ 1 (3.1)

where a  is the total internal loss (including scattering and free carriers absorption 
losses), R is the facet reflectivity (0.31) and r|int is the internal quantum efficiency; one 
can obtain the a  and r|int, which are a  = 5.5 cm_l and r|int = 69 %. Typical values 

found in the literature indicate that a good laser should have losses lower than 10 cm-l
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and internal efficiency around 90 %. Therefore these results indicate that the material 

has low losses and reasonably good efficiency.

1.4611 + 6.7825e-4x
2 . 2  -

2.0  -

2 0 0 4 0 0 6 0 0 1000 12008 0 0

L (|xm)

Figure 3.3: Reciprocal o f  external quantum efficiency rjext plotted versus the length o f  

the laser cavity L (empty squares). Linear fitting  (line) and fitting  equation are also 

shown.

Further characterisation can be performed by plotting the average values of the 

threshold current density shown in table 3.1 versus the reciprocal of the cavity length, 

as shown in figure 3.4; and using the equation for [4]

j , h = — + - a  + — (3.2)
77in t r77intA T r/ i n t A \ 2 L ) \ R \ R l J

where J0  is the transparency current density and represents the injected current needed 

to provide population inversion up to the point where the material is transparent, with 

no absorption nor gain. A is the differential gain and represents the rate of gain increase 

with injected current (dg/dJ). T is the optical confinement factor. It represents the 

overlap of the optically guided mode with the quantum wells [4], and it is given by an 

approximate expression [5]

r  = Q3N(Lz  /  Lo) (3.3)

where N is the number of quantum wells, L z is the width of the well in angstroms and 

L 0  is 1000 A. For the material structure used and described above N = 4 and Lz =
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1 0 0  A, which gives T = 0 . 1 2 . Using figure 3.4 and equation 3.2, with the values of a  

and r|int obtained from equation 3.1 and figure 3.3, the values of J0 and A can be 

obtained, which are J0 = 220 A/cm2 and A = 1.48 cm/A.

6 0 0

= 356.98 + 9.3885X

5 0 0 -

4 0 0
300 1 0 20

1/L (cm '1)

Figure 3.4: Threshold current density Jth plotted versus reciprocal o f  cavity length L 

(empty squares). Linear fitting (line) and fitting equation are also shown.

3.2 - Waveguide Structure
The sem iconductor m aterial structure described above provides optical 

confinem ent in the vertical direction (perpendicular to the layers) due to its different 

alum inium  com position in each layer. The refractive index of A lxG ai-xAs based 

materials decreases as the amount of aluminium (x) increases [1, 6 ]. But in order to 

obtain low threshold lasers optical confinement in the horizontal direction (parallel to 

the layers) must also be granted. 3-D index guiding in semiconductor lasers is usually 

accomplished by fabricating strip-loaded or buried channel waveguides [1, 7]. The 

former seems to be the best compromise in terms of cost, complexity and performance. 

Figure 3.5 shows the cross-section of the strip-loaded (or rib) waveguide fabricated. The 

stripe width is 3 pm and its height is 0.6 pm. The layers of the material structure and the 

fundamental mode of propagation are also shown. The contours shown represent 10 % 

(outer) and 30 % (inner) of the peak field value for the fundam ental TE mode of 

propagation at 870 nm wavelength. They were obtained from numerical calculations 

performed with Fwave III software [8 ] for this waveguide structure. The refractive 

indices used for each layer in the calculations are 3.62 for G aA s, 3.48 for
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Alo.20Gao.80As and 3.34 for Alo.43Gao.57As [1, 6 ]. The fabrication proceedings used in 

order to construct this waveguide will be discussed in detail in the following section.

3  p m

Figure 3.5: Perspective view o f  the cross-section o f  the rib waveguide laser. Contours 

o f the fundam ental mode o f  propagation and layers o f  semiconductor material structure 

are also shown. The dark line represents the 4 quantum well layers.

3.3 - Fabrication Technique
The technique employed to fabricate the monolithic mode-locked semiconductor 

lasers is described here, step by step, starting from the scribing of the semiconductor 

wafer up to the point where the laser is ready for tests. The general technology and 

processes for sem iconductor device fabrication can be found in reference 6 . The 

fabrication procedure is:

1) Sample cleaving: cleavage of a 11 x 11 mm sample from the semiconductor 

wafer using the wafer scriber. The cleavage must follow the crystal orientation of the 

semiconductor material.

2) Sample cleaning: by immersion in the organic solvents: trichloroethane 

(C2 H 3CI3), methanol (CH3OH) and acetone (C3H 6 O), in this order, in ultrasonic bath 

for 5 minutes for each solvent. It is followed by R. O. (reverse osmosis) water rinsing 

and nitrogen blow drying.

3) Resist spinning: using photoresist S 1400-17 spun at 4000 rpm for 30 seconds. 

This is a positive photoresist and its final thickness is approximately 0.5 pm.

4) Resist baking: place sample with resist in the oven at 90°C for 30 minutes.

5) Photolithography: for waveguide definition using the contact printer. The use 

of contact printer and thinner resist seem to give better results than the more usual mask 

aligner and thicker resist (S 1400-31, 1.8 pm thick), in terms of pattern definition. The 

waveguide mask consists of 19 stripes, each one being 3 pm wide and 10 mm long, 

separated from each other by 600 pm , which forms a 10 by 10 mm mask. The 

alignment of the waveguide stripes parallel to the cleaved edge of the sample is very 

important and critical. It will guarantee laser facets perpendicular to the laser waveguide 

at the laser cleaving stage. The use of a mask aligner instead of a contact printer should
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make this alignment much easier without serious disadvantage in terms of pattern 
definition. Exposure time and developing are as standard.

6) Hard mask deposition: evaporation of 20 nm of nichrome (NiCr), which is an 
alloy of nickel (90%) and chromium (10%), to serve as a metal hard mask for the dry 
etching process (with SiCU) that will form the waveguide. The use of a metal mask for 
dry etching the semiconductor presents some advantages to the use of more standard 
SiC>2 layer as a hard mask. Firstly it saves time and it is a simpler process, since the 
silica technique involves SiC>2 deposition and dry etching (with C2F6) to form the mask, 
which is a more delicate and time demanding process than metal evaporation and lift­
off. More importantly, the final result of etching with a metal mask has been shown to 
be consistently better than with silica mask. It gives better vertically and less roughness 
to the waveguide walls, and it makes measurements of etch depth more accurate. This 
is because there is some erosion of the silicon dioxide mask when the sample is under 
SiCU dry etching.

7) Lift-off: by immersing the sample in acetone for a few minutes. Rinse sample 
in R. O. water afterwards. A thicker resist is usually applied for lift-off, but in this case 
the thin metal layer can be easily lifted-off with the thin resist.

8) Dry etching: reactive ion etching (RIE) using silicon tetrachloride (SiCU) is 
performed in order to form the waveguide. Differently from the chemical wet etching, 
the dry etching is an anisotropic process and it removes the semiconductor material 
from the non-masked region by physical-chemical reactions with a plasma formed with 
the etchant gas (SiCU in this case) [9]. The final etch depth is 0.6 |im and the typical 
etch rate is 150 nm/min. At this stage the waveguide, as shown in figure 3.5, is 
fabricated.

9) Removal of metal mask: by wet etching the NiCr mask with hydrochloric 
acid (HC1) diluted in water (HC1 - 4, H2O - 1). The etch rate is 10 nm/min 
approximately, but 50% over-etching is performed in order to guarantee the complete 
removal of the metal from the top of the waveguide. Therefore the etch time is 3 
minutes. The etch rate of nichrome etchant on GaAs is only 5 nm/min, which is too low 
to actually damage the GaAs cap layer of the material for the etching time used.

10) Sample cleaning: as in step 2.
11) Silica deposition: SiC>2 deposition by plasma enhanced chemical vapour 

deposition (PECVD) [10]. Layer thickness is 200 nm. This silicon dioxide layer will 
serve as a current injection blocking layer.

12) Sample cleaning: as in step 2.
13) Resist spinning: using photoresist S1400-17 spun at 4000 rpm for 30 

seconds, as in step 3.
14) Resist baking: place sample with resist in the oven at 90°C for 30 minutes, 

as in step 4.
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15) Photolithography: to open a current injection window on top of the 
waveguide using the mask aligner. The thinner resist used makes the mask alignment 
easier than with thicker ones, since the mask can come closer to the sample before 
touching the resist layer. The dark field ferric oxide mask consists of a set of 7 fim wide 
stripes, fitting the waveguide mask described in step 5. 50% overexposure and 20% 
over-development is used to ensure the removal of the resist. The quality of the 
transferred pattern is not a critical issue here since the resist will serve as a mask for a 
wet etching process.

16) Post-baking: place sample with resist in the oven at 120°C for 60 minutes. 
The post-baking is required to harden the resist before etching.

17) Wet etching: wet chemical etching with buffered hydrofluoric acid (HF) is 
used to remove the silicon dioxide layer from the top of the waveguide, opening a 
current injection window on it. The etch rate is approximately 10 nm/s, but 100% over­
etching is used to ensure the total removal of the silica. The etching time is 40 seconds. 
HF does not etch GaAs.

18) Sample cleaning: as in step 2.
19) Resist spinning: using photoresist S1400-31 spun at 4000 rpm for 30 

seconds. This is a positive photoresist and its final thickness is approximately 1.8 jLtm.

20) Resist baking with chlorobenzene: place sample with resist in the oven at 
90°C for 15 minutes. Then immerse the sample in chlorobenzene (C6H5CI) for 15 
minutes and finally bake it again at 90°C for 15 minutes. The use of thicker resist and 
chlorobenzene facilitate the lift-off of thick layers of metal.

21) Photolithography: to define the metallised sections of the laser. The dark 
field ferric oxide mask will define the layout of the top metallisation of the laser, 
delimiting its different sections. The gain and saturable absorber sections are separated 
by a gap of 10 |im. The contact pads to the different sections and laser cleavage marks 
are also included in this mask. Exposure time and developing are as standard.

22) Deoxidising etch: with HC1 and water (HC1 - 4, H2O - 1) for 30 seconds, to 
remove any spurious oxide layer that may have been formed on the semiconductor and 
silica surface prior to the metallic deposition. It improves considerably the adhesion of 
the metal to the silica layer as well as the electrical properties of the contact. A poor 
adhesion of the metal to the silica layer underneath it makes gold wire bonding to the 
contact pads very difficult. This etching is performed just before loading the sample in 
the vacuum chamber of the evaporator.

23) Top metallisation: deposition of p-type metallic contact by evaporation. An 
ohmic contact is formed with the deposition of NiCr/Au (20 nm of nichrome and 
200 nm of gold). The use of an ohmic contact is an important issue for semiconductor 
mode-locked lasers since, in the saturable absorber section, carriers are to be removed 
by reverse biasing the section. In order to achieve good adhesion of the metal to the
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silica layer a double de-gas procedure is performed prior to the evaporation. The de-gas 
process consists of starting the evaporation up to melting the metals to remove 
impurities from the evaporating boat or crucible and to release any spurious gases from 
the melted metal, which could contaminate the sample. The first de-gas is done before 
loading the sample in the chamber, at low vacuum. The second is performed with the 
sample already loaded, at high vacuum. Typical chamber vacuum for evaporation is 
3 x 10‘6 mbar. In order to have uniform metal deposition on the walls of the waveguide, 
the evaporation is performed with the sample tilted by about +45 degrees to one side 
and -45 degrees to the other side of the waveguide.

24) Lift-off: by immersing the sample in acetone. Rinse sample in R. O. water 
afterwards. At this point the pattern on top of the sample is completed, with the contacts 
for gain and absorber sections, contact pads for wire bonding and cleaving marks for 
more accurate cleaving of individual lasers.

25) Dry etching: to improve the electrical isolation between sections. The 
electrical isolation between gain and absorber sections is an important issue on the 
design and fabrication of semiconductor mode-locked lasers, as it will be further 
discussed in section 3.4. The isolation can be improved by removing the highly doped 
GaAs cap layer from the gap region between the sections using the selective dry etching 
technique, which stops on the AlGaAs layer. The metallic contacts and the silica layer 
on the sample work as the mask for the etching of the gap region only. Two selective 
etchants were tried. One of them uses the gas F reon-12 (CCL2F2, 
dichlorodifluoromethane) [11]. This technique has the disadvantage of affecting the 
Si02 layer and of using a non-environmentally-friendly gas. The other uses SiCl4 at low 
power [12] and it is the preferred technique. By measuring the resistance between gain 
and absorber sections when no bias is applied, a DC electrical isolation of 1 kQ is found 
before etching and 1.5 kO is obtained after the selective dry etching. These 
measurements were made with a Hewllet Packard 4145A semiconductor parameter 
analyser.

26) Resist spinning: using the resist S1400-31 to protect the top of the sample, 
with waveguide and metallic contacts, prior to the thinning process.

27) Sample cleavage: the 11 x 11 mm sample is divided into four 5.5 x 5.5 mm 
samples by cleavage in the scriber. It makes the succeeding thinning process safer and 
more uniform.

28) Substrate thinning: mechanical polishing of the substrate to thin the samples, 
reducing the series resistance of the lasers and improving the heat sinking. The initial 
sample thickness is approximately 450 pm. The final thickness, after thinning, is 
approximately 200 p.m.

29) Sample cleaning: by immersion in the organic solvents: trichloroethane for 
10 minutes, methanol for 5 minutes, trichloroethane for 5 minutes, methanol for 5
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minutes and acetone for 5 minutes, in this order. This process is done in a refluxing 

condenser with boiling solvents. It is followed by R. O. water rinsing and nitrogen blow 

drying. Cleaning in the ultrasonic bath is not advisable for m etallised and thinned 

samples since it deteriorates the metal adhesion and it may also break the samples. The 

longer and repeated immersion in trichloroethane is to ensure the removal of wax used 

in the previous thinning process to fix the samples.

30) Substrate wet etching: using sulphuric acid (H2 SO 4 ) diluted in hydrogen 

peroxide (H2 O2 ) and water (H2 SO4  - 1 , H2 O2 - 8 , H2 O - 1), for 2 minutes. The etch 

rate is 30 |4 m/min. The samples are fixed on a glass slide with wax for easy handling 

during etch and to protect the top of the sample from the etchant.

31) Sample cleaning: as in step 29.

32) Deoxidising etch: with ammonia diluted in water (NH3 - 1, H2 O - 2) for 2 

minutes. The samples are fixed on a glass slide with resist for easy handling during 

etch and subsequent metal evaporation, and to protect the top from the etchant.

33) Base metallisation: deposition of n-type metallic contact by evaporation. An 

ohmic contact is formed with the deposition of Au/Ge/Au/Ni/Au (14 nm of gold, 14 nm 

of germanium, 14 nm of gold, 11 nm of nickel and 200 nm of gold). De-gas procedures 

are used, as in step 23. The figure 3.6 shows the cross-section of the sample at the 

waveguide at this stage of fabrication.
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Figure 3.6: Cross-section o f  the laser at the waveguide. The layers o f  ma terial structure 

and the dielectric and metallic layers deposited during the fabrication process are 

shown. The fundam ental TE mode o f  propagation, with contours o f 10% (outer) and  

30% (inner) o f  the peak value o f the fie ld  at 870 nm, are also shown. The contours were 

calculated with Fwave 111 software, as discussed in Section 3.3.
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34) Sample cleaning: as step 29.

35) Laser cleavage: using the wafer scriber. Accurate cleavage is a very 

im portant issue for the fabrication of m ode-locked lasers since the cavity length 

determ ines the repetition rate. For colliding pulse m ode-locked (CPM ) lasers the 

cleavage requirements are even more demanding because the position of the saturable 

absorber section in the cavity is critical for its operation. In order to achieve this 

accuracy, cleavage marks were introduced by photolithography (see step 2 1 ) alongside 

the laser waveguide for individual laser cleavage. The cleavage marks consist of a series 

of squares ( 1 0 0  by 1 0 0  (im) 1 0 0  qm distant from each other, which are arranged along 

both sides of the waveguide, as shown in figure 3.7. It allows cleavage of cavity 

lengths in steps of 200 fim. Smaller squares would allow cleavage in smaller steps. The 

lasers are to be cleaved individually, therefore the sawing of the side facet of the lasers 

is performed first, by scribing the sample. The cleavage of the end facet of each laser is 

accomplished by aligning the scriber with one of the edges of the square marks. The 

device is wide enough (600 qm) for the scriber to mark the edge of the laser for 

cleaving without damaging the waveguide at the facet.

Figure 3.7: Optical microscope photograph o f the pattern on top o f  a sample, where 

one can see the waveguide (in bow-tie shape), the metallic contact fo r  gain and  

absorber sections, the contact pads and the cleavage marks (100 x 100 pm  squares).

36) Laser soldering: by indium soldering. For CW operation the laser has to be 

mounted on a base that provides proper heat sinking. The base used is a copper block 

coated with gold. The laser is soldered to the base with indium. The softness of the 

indium solder absorbs the strain caused by the different thermal expansion coefficient
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between the sem iconductor and the metal base. The soldering is accom plished by 

heating the base to melt the indium solder. A liquid flux (made by RS Co.), which is 

soluble in trichloroethane, is used to avoid oxidation of the solder. The soldering 

procedure is: 1 ) remove the remains of the solder used for previous devices by scraping 

the surface of the base; 2) apply the liquid flux on the soldering place; 3) heat the base 

to 180°C; 4) place the indium solder ball at soldering spot, imbedded in flux; 5) place 

the laser, p-side up, just beside the solder; 6 ) move the laser towards the solder, turning 

it to ensure uniform distribution of the solder underneath it and position the laser at the 

edge of the base; 7) remove the base from the heater and leave it to cool down; 8 ) clean 

the base rem oving the flux by immersing it in trichloroethane for 5 m inutes and 

methanol for 5 minutes (no ultrasonic cleaning nor refluxing condenser are necessary). 

If the base is heated before the flux is applied to the remaining solder left from previous 

device, it will oxidise and the soldering spot cannot be re-utilised.

37) W ire bonding: gold wire (25 qm thick) bonding is made from the contact 

pads on the laser to the pads on the laser mounting, from w hich the electrical 

connections to the power supplies will be made. The ultrasonic bonding is performed 

with a Kulicke & Soffa 4123 wedge bonder. After wire bonding the laser is ready for 

tests.

Figure 3.8: Photograph o f the multisection mounting used fo r  the mode-locked lasers.

3.4 - Discussions and Conclusions
Some aspects of the design and fabrication of monolithic semiconductor mode- 

locked lasers are peculiar to this type of device and they will be further discussed here.

The electncal isolation between gain and absorber sections is an important issue 

on the design and fabrication of mode-locked lasers. Poor isolation allows current to
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leak from the gain to the absorber section, decreasing the efficiency of the reverse bias 

on the absorber. It also drains current from the gain section in the vicinity of the 

absorber section, making the latter effectively wider. A relatively short and efficient 

absorber section is im portant for its saturation and recovery characteristics. As 

described in step 25 of section 3.3, the electrical isolation can be improved by removing 

the highly doped GaAs cap layer from the gap regions between sections using a 

selective dry etching technique, which stops on the AlGaAs layer. In order to assess the 

effectiveness of this technique, mode-locked lasers with several different gap widths 

were fabricated. Figure 3.9 shows the measured resistance between sections as a 

function of the gap width before and after the selective etching. It is observed that this 

technique gives about 50% improvement on the original isolation (without etching) for 

narrow gaps (up to 10 pm). Although the isolation increases as the gap width increases, 

the benefit of the selective etching decreases, from an initial near 50% improvement 

towards 25%, for very wide gaps. Better isolation can be achieved by deeper etching 

into the upper cladding layer, using standard (non-selective) dry etching. The resistance 

increases from 1.5 kO to 2 kQ when 0.1 pm of cladding layer is etched from the gap 

region. The isolation also depends on the doping level and thickness of the upper 

cladding layer and the figures presented here are for our particular material structure. 

Other authors have successfully used the removal of the cap layer as a method to 

improve the isolation between sections, obtaining similar resistances to those achieved 

here [13-16].
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Figure 3.9: Electrical isolation between gain and absorber sections as a function o f the 

width o f  the gap between sections, before and after the selective etching. The lines are 

the linear f i t  to the measured resistance (squares and stars).
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In order to achieve the best performance of the metallic contacts for wire 

bonding, several proceedings were taken, including the use of a deoxidising etching 

before contact evaporation, the use of a de-gas procedure before evaporation, the use of 

NiCr/Au p-type contact and the use of cleaning processes other than ultrasonic, as 

described in section 3.3. Another im portant process that affects the contacts is the 

thermal annealing. It was found that the usual temperatures used for annealing the 

contacts (above 250°C) deteriorate the adhesion of the metal to the silica layer 

underneath it. The annealed contact peels off when wire bonding is tried. Therefore 

non-annealed lasers were experim ented. Electrical tests were perform ed with the 

param eter analyser, which show that the non-annealed lasers have a typical dynamic 

resistance of 20 Q  and a reverse breakdown voltage of 15 V. Figure 3.10 shows the 

I x V curve of a mounted non-annealed laser. Although a lower resistance can be 

achieved with other contact recipes and annealing, the one used with no annealing 

seems to be the best compromise in terms of the electrical and mechanical properties of 

the contact. Future studies of new metallic contact recipes and other wire bonding 

processes should lead to improvements in the dynamic resistance and contact adhesion, 

with benefits to the overall laser operation, such as lower threshold current and higher 

efficiency.
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10 -
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Figure 3.10: Current versus voltage (I x  V) curve o f  a m ounted and non-annealed  

m ode-locked laser. The dynam ic resistance is 20 FI at 30 mA (around threshold  

current).

Accurate cleavage of the end facets of Fabry-Perot cavity mode-locked lasers is 

crucial for their operation, as discussed in step 35 of section 3.3. The cleavage mark
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technique introduced represents a significant improvement on quality and accuracy of 
cleavage in relation to the usual and more standard way of doing it, which consists of 
moving the sample with a micrometer and defining the cavity length from its reading. 
Cavity lengths are of the order of a few hundreds of microns (500 pm for example). 
Assuming an underestimated relative error on the micrometer of 2%, the inaccuracy of 
the cavity length would be of 10 pm. Besides, backlash and reading errors are likely to 
contribute to a larger inaccuracy of cavity length measurements. The cleavage mark 
technique overcomes these problems and its limitations lie mainly in accurate alignment 
of the scriber to the marks. It is performed with the use of 2 optical monoculars. One 
points from the top of the sample, with 50 times magnification maximum, and a 
referenced eye piece. The other is pointed to the side of the sample, at approximately 45 
degrees, with 5 times magnification. The estimated error is of 3 to 5 pm maximum. It 
represents an inaccuracy of 750 MHz (1%) in the determination of the repetition rate of 
a 500 pm long CPM laser. The use of a monocular with 100 times magnification should 
improve on it. CPM lasers require the saturable absorber section to be positioned at the 
centre of the cavity. But it was found that the operation of the laser is not significantly 
affected as long as the exact centre point of the cavity still lies within the saturable 
absorber region. Since the shortest saturable absorber used is 15 pm long, the 5 pm 
inaccuracy does not represent a severe limitation from this point of view. Another 
technique for laser cleavage was tested. It consists of making the scribing marks for 
cleavage by wet etching rather than with the scriber. The marks were defined by 
photolithography. However, the etching scribing was found to be not efficient at 
defining the cleavage point.

The fabrication technique developed for mode-locked lasers and described in 
this chapter is simpler and of lower cost than the buried heterostructure used in recent 
publications [15, 16] since it does not involve any regrowth process. These monolithic 
semiconductor chips can be mass produced, being low cost, robust, efficient and 
reliable devices. These are crucial features if ultrashort pulses of light are to find wide­
spread application outwith the laboratory.
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Chapter 4: Device Characterisation Techniques

The mode-locked semiconductor lasers are characterised by obtaining the width 
of the generated pulses, the pulse repetition rate, the degree of coherence of laser 
emission and the lasing wavelength. These are achieved from frequency and time 
domain measurements. The characterisation of the mode-locked lasers in the frequency 
domain is performed by measuring the time averaged optical spectrum of the laser 
emission. The time domain characterisation is accomplished here with a correlation 
method [1]. The use of an indirect method is justified by the typical characteristics 
expected from monolithic mode-locked lasers. The low peak power short pulse 
generation (around 1 ps pulsewidth) at very high repetition rate (around 100 GHz) is 
beyond the present measurement capabilities of direct methods employing 
commercially available fast photodetectors [2] and streak cameras [3]. Also important 
in the characterisation of semiconductor lasers is to obtain the output optical power, the 
threshold current and current density, and lasing efficiency. This is carried out by 
measuring the output power as a function of injected current (L x I curve).

This chapter describes the techniques employed to characterise the fabricated 
mode-locked lasers. Section 4.1 describes the mode-locked laser test set-up. Section 4.2 
is concerned with the correlator set-up for time domain measurements. The linear 
correlation technique employed will be discussed in detail and comparisons with other 
indirect methods of short pulse measurement will be made, specially with the nonlinear 
autocorrelation technique by second harmonic generation. Section 4.3 will introduce 
some equations to describe the linear correlation technique and simulations of its output 
will be compared to the experimental results presented in section 4.2. Section 4.4 will 
summarise the chapter, giving the conclusions and highlighting the limitations of the 
characterisation techniques employed as well as the improvements that can be 
introduced to them. Finally, section 4.5 gives the references to the chapter in order of 
appearance.

4.1 - Mode-Locked Laser Test Set-up
Figure 4.1 shows a schematic diagram of the mode-locked laser test set-up. It 

consists of two power supplies for laser biasing, a heatsink temperature controller, a 
power meter, an optical spectrum analyser, the correlation set-up and a computer to 
perform control and data acquisition. One of the power supplies is an ILX Lightwave 
LDC-3752 laser diode controller and it provides CW current to be injected in the gain 
sections of the laser. The other power supply is home-made and it provides CW voltage 
to reverse bias the absorber sections of the laser. A Beckman Tech 310 voltage meter is
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used to measure the voltage between the absorber and ground contacts of the laser. The 

temperature of the heatsink is controlled and stabilised by a peltier and a Photon 

Control temperature controller. The light generated from the laser is collimated and 

focused into an optical fibre by two objective lenses. Movable mirrors can direct the 

collimated beam into an Anritsu ML9001A optical power meter or to the correlator set­

up, which will be described in detail in section 4.2. The optical fibre guides the laser 

light into an Advantest Q8381 optical spectrum analyser, which has a narrowest spectral 

resolution of 0.1 nm. An Apple Macintosh SE/30 is connected to the spectrum analyser 

and to the correlator to perform control and data acquisition using a LabVIEW® 2 

software package.

Optical fibre

Laser

Power
meter

Voltage
meter

Correlator
set-up

Temperature
controller

CW voltage supply 
(reverse bias)

CW current supply 
(forward bias)

Optical
spectrum
analyser

Computer

Figure 4.1: Experim ental set-up fo r  test and characterisation o f  m ode-locked  

semiconductor lasers. "O" is objective and "M " is movable mirror.

4.2 - Linear Cross-Correlator
D irect detection and m easurem ent of the generated train of pulses from 

monolithic passive mode-locked lasers are very difficult because of their inherent speed 

of operation. The required bandwidth to detect pulses of around 1 ps width at around 

100 GHz repetition rate is far beyond the available bandwidth of present commercially 

available high-speed photodetectors and sampling oscilloscopes [2], Besides, the nature 

of pulse generation in passive mode-locked lasers, which does not em ploy nor generate 

any electrical triggering signal, provides no low-speed signal to synchronise a sampling 

oscilloscope. Today 's developm ent of state-of-art u ltra-fast photodetectors may
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overcome these speed limitations and allow direct detection of such high-speed signals 
in the future [2].

Streak cameras have been often used to characterise extended cavity mode- 
locked lasers, which generate relatively long pulses, longer than 5 ps, at relatively low 
repetition rates, in the hundreds of megahertz range [1]. However the best temporal 
resolution of a typical streak camera is 2 ps [3]. This would limit the pulsewidth 
measurements of monolithic semiconductor mode-locked lasers, which usually generate 
shorter pulses. Moreover, the low peak optical power and the lack of triggering 
electrical signal from the these lasers make both single shot and synchroscan operation 
of streak cameras very difficult. One possible scheme is to use the more sensitive 
synchroscan operation by triggering the camera with a tuneable frequency synthesiser. 
Synchroscan operation requires an electrical signal of up to 170 MHz repetition rate to 
synchronise the camera with the optical signal [3]. The synthesiser can have its 
frequency tuned until it matches a sub-harmonic of the repetition rate of the mode- 
locked laser signal. Although this technique was successfully employed in the 
characterisation of the CPM laser described in section 5.1 of Chapter 5, it produces a 
poor signal to noise ratio measurement and it is very time consuming. Therefore, 
considering their high cost and resolution limitations, streak cameras are not a cost- 
effective method for time domain measurement of monolithic semiconductor mode- 
locked lasers.

Indirect methods based on correlation techniques are an alternative for 
characterisation of repetitive train of short pulses. The most commonly used is the auto­
correlation by second harmonic generation (SHG) in a nonlinear crystal [1, 4-6]. It 
consists of a Michelson interferometer with a movable arm in which one of the laser 
beams is delayed. The two beams containing the train of pulses are overlapped in a 
suitable nonlinear crystal to generate second harmonic light, in accordance with the 
phase matching conditions of the crystal. The detection of the time averaged second 
harmonic signal as a function of the delay between pulses gives information about pulse 
width. This nonlinear correlation method has proved to be able to measure femtosecond 
pulses and its resolution depends primarily on the accuracy of the mechanic and 
electronic mechanisms involved in the control and measurement of the delay in the 
interferometer and the detection of the SHG signal. However, the modest output powers 
from monolithic mode-locked laser can make SHG in the nonlinear crystal very 
difficult. Therefore a linear correlation method would be attractive.

A linear correlation technique has been recently developed by Choi and Taylor 
for the characterisation of pulses from mode-locked semiconductor lasers [7]. This 
linear correlator uses a Michelson interferometer to scan a pulse through itself and its 
neighbours in a train of pulses, obtaining pulse width, repetition rate and coherence 
length of the laser. This technique detects the mixing signal between light from each
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arm of the interferometer at a low speed photodetector and it does not employ second 

harmonic generation. It has shown to be able to measure a pulsewidth of 260 fs from a 

mode-locked semiconductor laser [7]. The low cost and low optical power requirement 

of this technique makes it very attractive for characterisation of m onolithic 

sem iconductor mode-locked lasers. It was em ployed in the characterisation of the 

mode-locked lasers described in section 5.2 of Chapter 5. The linear correlator set-up 

used in the measurements is shown in figure 4.2 and it is similar to the one proposed by 

Choi and Taylor in reference 7.

Mirror

■ ■  i--------------------------
Chopper 1 (230 Hz)

Chopper 2: (540 Hz)

Mirror

Delay 

Photodetector

Computer

Figure 4.2: Linear cross-correlator set-up. "BS" is beam splitter.

The Michelson interferometer comprises two corner cube mirrors and a 50% 

reflectivity beam splitter. The use of this type of reflector facilitates the alignment of the 

interferometer and prevents coupling of the back reflected light from the interferometer 

into the laser. One of the retro-reflectors is mounted on an inch-worm driven by a 

Burleigh 7000 Controller. This system is capable of moving in steps of 4 nm, 

m easurable in steps of 50 nm, with a full span of 7 mm. This interferometer was built 

by N. M. Bett as part of his M.Sc. work at Glasgow University [8 ]. Each arm of the 

interferom eter has a Scitec Instruments optical chopper, which operate at different 

frequencies, 230 and 540 Hz. The reference signals from the two choppers are mixed in 

a home-made electronic mixing circuit. It generates a reference signal at the sum of the 

chopper ones, at 770 Hz, to synchronise the EG&G 5210 lock-in amplifier. The optical 

signal from the interferometer is detected by a low-cost low-speed broad-area silicon 

photodiode. The mixing technique em ploying the lock-in am plifier and the two 

choppers removes the dc level generated by the direct detection of light from each 

individual arm of the interferometer. Therefore only the pulse overlapping signal is
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obtained from the lock-in [7]. The computer performs data acquisition from the lock-in 
amplifier, as described in section 4.1.

Figure 4.3 shows a set of cross-correlation and optical spectrum measurements 
of a semiconductor laser for different regimes of operation, including spontaneous 
emission, single mode laser operation, multimode (free-running, non-mode-locked) and 
mode-locked operation. This will illustrate the different kinds of information that can be 
obtained from the linear correlation measurements and will help on the interpretation 
and understanding of the results. The semiconductor laser used here is a multiple 
colliding pulse mode-locked (MCPM) laser, which is described in detail in section 5.2 
of Chapter 5. The total cavity length is 600 p.m and the saturable absorber section is 30 
Jim long. The laser operates on CW regime and, when every section is forward biased, 
the threshold current is 30 mA.

Figures 4.3-a and b show the cross-correlation and optical spectrum of the 
spontaneous emission of the laser when it is operating below threshold, at 25 mA. The 
laser emits in a very broad spectral range, with no observable longitudinal modes. The 
only feature observed in the correlation trace is a short double-sided exponential peak at 
zero delay. The fast exponential decay with delay from the zero point of the 
interferometer indicates that the emission is highly incoherent, as expected from 
spontaneous emission [1]. The typical fringes produced in interferograms are not 
resolved here.

When every section of the laser is forward biased and it operates at currents not 
far beyond threshold, the laser emits in a single longitudinal mode. It is shown in 
figures 4.3-c and d for 60 mA pumping current. The side mode suppression is of about 
25 dB (not measurable from the figure 4.3-d). The correlation trace is flat in the 
observed range of 45 ps. No decay can be noticed, indicating the laser has a long 
coherence length [1].

Multimode (free-running, non-locked) operation occurs for currents very close 
to threshold and also for high currents, above the single mode operation region. Figures
4.3-e and f show the correlation and optical spectrum for multimode operation when 
35 mA is applied to the laser. Figure 4.3-e shows peaks at the fundamental repetition 
rate of the cavity (60 GHz), which correspond to 0.15 nm spacing between modes in 
figure 4.3-f. These peaks arise from beating of the several longitudinal modes observed 
in the spectrum. This mode beating effect means that, in the time domain, the laser 
produces a sequence of spikes in the form of a pulse train [1,9]. Therefore, there is here 
an apparent ambiguity between multimode and mode-locked operation. The ambiguity 
is removed by analysing the coherence properties of the laser. The difference between 
mode-locking and multimode behaviour is that, with a mode-locked laser, the modes 
add together coherently and that there is a strong phase relationship between pulses in 
the pulse stream [1,9]. In an ideal mode-locked case, where the phases of the modes are
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exactly the same, the coherence length of the laser would be infinite. A laser is 
considered to be mode-locked if its coherence time is much longer than the round-trip­
time of the cavity, or photon lifetime - for a typical Fabry-Perot semiconductor laser 
those two times are of the same order of magnitude. If the coherence time of the laser 
emission is short compared to the round-trip time, the spikes produced within each 
round-trip in the laser will have a small degree of repetitiveness, which implies that a 
regular train of pulses will not be formed. This represents the multimode operation [1, 
9]. If the coherence time is much longer than the round-trip time of the laser the 
sequence of spikes will be shaped to a regular train of pulses in a long time averaged 
scale. This represents the non-ideal mode-locked operation that occurs in most cases, 
where not every mode is locked and the phase of the modes locked are not exactly the 
same as in the ideal case, due to group velocity dispersion for example. One can 
observe in figure 4.3-e a pronounced exponential decay on the amplitude of the peaks, 
indicating that the laser has a short coherence time, of about 20 ps, which is very close 
to the round trip time (16.4 ps). This means that there is no constant phase relationship 
between modes and the sequence of spikes produced by them is formed and shaped in a 
rather chaotic and noisy fashion, not having the high regularity in shape and amplitude 
typical of mode-locked pulses.

The kind of ambiguity discussed above also exists in the non-linear correlation 
methods [1,4]. In the autocorrelation by second harmonic generation technique, peaks 
also appear for multimode operation and the ambiguity is solved by observing the 
contrast ratio (peak to background), which is 3:1 for ideal mode-locking and 3:2 for 
multimode operation. In most cases the laser is considered to be mode-locked if the 
contrast ratio is close to the one for ideal mode-locking [1,4].

Figures 4.3-g and h show the case of mode-locking operation of the MCPM 
laser at its first harmonic of the repetition rate, at 60 GHz. In contrast to the case of 
multimode operation discussed before, the coherence time of the laser observed in the 
correlation of figure 4.3-g is much longer than in figure 4.3-e. The measurement of the 
coherence length is limited by the continuous scanning range of the interferometer, 
which is 15 mm (50 ps) in our setup. But a non-continuous scan measurement, up to 
pulses 10 round-trips apart (150 ps), showed no noticeable change in pattern. This long 
coherence time compared to the round trip time (16.4 ps) and the photon lifetime (about 
5 ps) is the indication of mode-locking operation from the linear correlation 
measurement.

The linear correlation technique has the disadvantage, compared to the second 
harmonic generation autocorrelation technique, that it is not sensitive to the effect of 
frequency chirp on pulsewidth [1,7]. Therefore pulsewidth information is limited to 
the minimum pulsewidth possible assuming unchirped pulses, that is assuming 
bandwidth limited pulses. This assumption is reasonable for monolithic semiconductor
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mode-locked lasers because there has been no evidence of significant chirping from 

these lasers and measurements have generally indicated transform limited pulses [7].
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Figure 4.3: Linear correlation traces and optical spectra o f  a 600 pm  long MCPM  

laser fo r  d ifferent m odes o f  operation: spontaneous emission (a and b); single 

longitudinal mode laser operation (c and d); multimode (e and f);  and mode-locked  

laser operation (g and h). Vertical axes represent intensity in arbitrary units.
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Therefore, bearing in mind the above, the average width of the correlation trace pulses 
in figure 4.3-g is 3 ps, obtained by measuring the width of each pulse shown. 
Assuming here a hyperbolic secant pulse shape the deconvolution factor of 1.54 is used 
to obtain the actual pulse width [4], which is 2 ps FWHM.

4.3 - Simulations of the Linear Correlator
In order to have a better understanding of the information that can be obtained 

from the linear correlation measurement technique, the general equations that describe 
the Michelson interferometer are shown here. These simple analytical equations are 
written following the formalism developed by Petermann in references 10 and 11, and 
they are described in detail in the appendix 1. The output of the interferometer for 
different regimes of laser operation, including single mode, multimode and mode- 
locking are studied. Using the Mathematica® enhanced version 2.0 software package
[12], the equations for the output of the linear correlation are plotted and comparison 
with the experimental results presented in the previous section can be made. The goal of 
these simulations is not to describe the laser operation, but to analyse the response of 
the correlation method to the different regimes of operation of the laser, instead. It gives 
an insight into the characteristics and limitations of the linear correlation method for 
time domain characterisation of mode-locked lasers.

The complex electric field E(t) of the laser output emitting into k longitudinal 
modes is written as:

where Pk(t) is the light power and (pk(t) is the phase of the lasing mode emitting at 
the wavelength X^ = 27rc/cok. Therefore the output intensity of the laser is:

The total field at the output of an interferometer, where the signal is delayed in 
one of its arms by x, is:

E(t) = • exp[y<v + j<pt («)] (4.1)
k

(4.2)

ET(t) = A[E(t) + E ( t -  T)] (4.3)

where A is a constant (A is 0.5 for a Michelson interferometer). Therefore the output 
power is:

PT(t, x) = A2 {|£(f)|2 + \E(t -  x f  + 2 R e [£ «  t)]} (4.4)
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The average output power of the interferometer, which involves the first order 
correlation function, can then be written as follows. (For the sake of comparison with 
the experimental results, the equation is written in the same form as the results are 
measured: with the dc level removed and then applying the absolute value to it, in 
arbitrary units).

cos(<dot ) P* cos(kA m )  • Re{(exp[;A^(r, r)])} (4.5)

where CDk = co0 + kAco, k = ±0, ±1, ±2,..., Acpk(t, t) = <pk(t) - <Pk(t-x), and it is assumed 
that the amplitude of each mode is not time dependent (i.e. Pk(t) = Pk(t-x) = Pk), which 

only implies that amplitude noise is not being taken into account.
Equation 4.5 describes the general time averaged output power from the 

interferometric system used in the experiments, but it does not include effects of 
amplitude and frequency noise. A comprehensive study of noise in interferometers can 
be found in references 10 and 11. The particular cases of single mode, multimode and 
mode-locked laser operation will be analysed.

For single mode operation k = 0 and equation 4.5 is reduced to

(PT(t, t ) )  =  |c o s (<mot ) • Pa ■ Re{(exp[y'A<p„(r, r)])}| (4 6 )

The evaluation of the mean value (exp[yA<pfe(r, t)]) involves the consideration that the 

phase change A<p with delay is introduced by a large number of independent noise 

events due to spontaneous emission, with a Gaussian probability density distribution, 
and that its variance increases proportionally to the delay, with the proportionality
factor defined as the coherence time tc [10, 11]. This evaluation is carried out in the
appendix 1 and it yields:

(PT(t, r)) = |P, • cos • exp(—|-r|/fc)j (4.7)

Figure 4.4 shows a plot of the equation 4.7 as a function of the delay x for co0 

corresponding to a wavelength of 870 nm, P0 equal to 1, and tc equal to 100 ps. The 
graph is configured in the same way as in figure 4.3-c to facilitate the comparison of the 
theoretical with the experimental results. The dark area comes from the fast oscillation 
of the cosine at the angular frequency co0 *n equation 4.7. It corresponds to the fringes 
produced by the interferometer, which are not resolved. The coherence time tc produces 
the exponential decay observed in figure 4.4. Since no decay can be noticed in figure
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4.3-c the coherence time of the actual device operating single mode is much longer than 

1 0 0  ps used in the simulation.

4

3 . 5

- 4 0  - 3 0  - 2 0  - 1 0  0

D e lay  (p s )

Figure 4.4: Simulation o f  the output o f  the linear correlator fo r  single mode laser 
operation described in equation 4.7, with A = 870 nm, P0 = 1, and tc = 100ps.

For the case of multimode laser operation, similar considerations regarding the 

phase change, as described previously and in the appendix 1 , are made and it is assumed 

that every lasing mode has the same coherence time. Therefore equation 4.5 can be 

written as:

(PT(t, T)) = cos(<Dor)  • ^  Pk ■ cos(kAcoz) • exp (- |i)/rc) (4.8)

Figure 4.5 shows the plot of equation 4.8 with param eters corresponding to the 

experim ental results shown in figure 4.3-e. Hence, the simulation of the correlator 
output for m ultim ode laser operation is obtained with A to corresponding to a 

longitudinal mode separation AA equal to 0.15 nm, which represents the case of a 600 

|im  long laser. The lasing wavelength is 870 nm and the coherence time is 20 ps, which 

is close to the round-trip time (16 ps). Here the spectrum of laser em ission P(k) is 

assumed to have a hyperbolic secant profile, with 7 longitudinal modes in its FWHM. 

The total number of modes k considered within the profile is always four times the 

number of modes in its FWHM plus one. The comparison of figure 4.5 with figure 4.3-e 

reveals the perfect match between the sim ulation and experim ental results for 

multimode laser operation.
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Figure 4.5: Simulation o f  the output o f  the linear correlator fo r  multimode laser 
operation described in equation 4.8. X = 870 nm, AX -  0.15 nm, tc = 20 ps and with 7 

modes at FWHM o f the spectral profile.

In order to simulate the case of spontaneous em ission from the laser, the 

coherence time is made very small in equation 4.8. Figure 4.6 shows the output of the 

interferom eter for the same conditions of figure 4.5 but with 30 fs coherence time. 

Figure 4.6 resembles the experimental result shown in figure 4.3-a
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Figure 4.6: Simulation o f  the output o f  the linear correlator fo r  spontaneous emission 

o f the laser from  equation 4.8, with X = 870 nm, AX = 0.15 nm, and tc = 0.03 ps.
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The case of ideal mode-locking operation, where the phases of the modes are 

exactly the same, can be easily represented by imposing no phase change (Acp(t, t) = 0) 

into equation 4.5, yielding:

cos(co0 T ) - ^ P k - cos(kAcor) (4.9)

Figure 4.7 shows the plot of equation 4.9 for conditions similar to figure 4.5, with 
A, = 870 nm, AA = 0 .1 5 n m  but with 5 modes at FWHM of the spectral profile. 

However, since in this ideal mode-locked laser case there is no phase change, the 

coherence time of the laser is infinite and therefore there is no decay on the amplitude 

of the peaks of the correlation, as shown in figure 4.7. Although this simulation uses an 

unrealistic ideal mode-locked laser it is comparable with the experimental correlation 

shown in figure 4.3-g. The difference between them should mainly be due to the non­

perfect phase locking of the modes of the real mode-locked laser, noise and the spectral 

profile which may not be exactly a hyperbolic secant. In accordance with equation 4.9 

and figure 4.7, figure 4.3-g presents a long coherence time, as discussed in section 4.2. 

The pulse widths measured from both figures are approximately the same, around 3 ps. 

It is due to the same number of modes considered in the FWHM of the spectral profile 

used in the simulation and observed in the optical spectrum of the laser shown in figure

4.3-h.
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Figure 4.7: Simulation o f the output o f  the linear correlator fo r  an ideal mode-locked  

laser, obtained from  equation 4.9 with A = 870 nm, AX -  0.15 nm and 5 modes at 

FWHM o f the spectral profile.
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For the case of an ideal mode-locked laser, with no time dependent phase 

change, the intensity as a function of time is simple to obtain from equation 4.2 and it is 

shown in figure 4.8 for the same conditions as for the Figure 4.7 above. The pulse shape 

is hyperbolic secant squared, in accordance with the shape assumed for the spectral 

profile. The pulsewidth obtained from figure 4.8 is 1.94 ps. It corresponds to the 

pulsewidth obtained from figure 4.7 taking into account the deconvolution factor of 

1.54 for hyperbolic secant square pulse shape [4], The correspondence between figures 

4.7 and 4.8 and the similarities between figure 4.7 and the experimental result of figure

4.3-g indicate that figure 4.8 should be a close representation of the actual train of 

pulses generated by the mode-locked laser studied in figure 4.3-g.
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Figure 4.8: Simulation o f  the temporal evolution o f  the output o f  an ideal mode-locked 
laser at the same conditions o f  figure 4.7, with 600 pm  cavity length (AX = 0.15 nm), 

emitting at X -  870 nm.

So far in the simulation results for ideal mode-locked lasers, the spectral phase 

of the modes has been taken as zero. In order to simulate a train of chirped pulses one 

can write the spectral phases as:

(p^ = /?, (o)k -  O o f = p 2 (kAco): (4.10)

where p 2 is a constant. This quadratic dependence of the phase with the frequency can 

be caused by group velocity dispersion, for example [13]. In this case the phase of each 

mode still does not change in time, therefore it still is an unrealistic mode-locking 

situation, as discussed before. However it illustrates some im portant characteristics of 

the linear correlation method. Figure 4.9 shows the simulation of the laser output train
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of pulses lor the same conditions as for figure 4.8, but with the phase as in equation 
4.10, with p 2 equal to 1.4. Comparing figures 4.8 and 4.9 one can see that for the same 

spectral profile and width the latter shows wider pulses, i. e. the phase as given by 

equation 4.10 produces w ider pulses, which are therefore non-Fourier-transform - 

limited. The phase distribution of equation 4.10 means that the different frequency 

components of a pulse travel at different speeds, inducing a sweep of frequencies across 

the pulse, which is called chirp. The pulse can maintain its width only if all spectral 
components travel together, or equivalently if P2  = 0, which means that the pulse has no 

chirp and it is transform limited [13].
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Figure 4.9: Simulation o f the temporal evolution o f  a train o f chirped pulses from  the 

output o f  a mode-locked laser at the same conditions o f figure 4.8, but with the phase 

given by equation 4.10 with P2 = 1-4.

However the sim ulation of the output of the linear interferom eter for these 

chirped pulses gives exactly the same result as for unchirped ones, shown in figure 4.7. 

This can be seen from the equations point of view since the phase in equation 4.10 is 

time independent. Hence they are cancelled in the calculations of equation 4.5 for the 

output of the interferometer. This illustrates the major limitation of the linear correlation 

method, w hich is its insensitivity to frequency chirp on pulses. Therefore, the 

pulsewidth information obtained from it is limited to the minimum pulsewidth possible, 

which is for unchirped pulses.

The nonlinear correlation method involving second harmonic generation does 

not have this limitation since it consists of a correlation of intensity, rather than field as 

in the linear method. The information about the time independent phase is present in the
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pulse intensity profile generated by the SHG process. Therefore, the nonlinear method 
does give information about the actual pulsewidth from a train of repetitive pulses.

4.4 - Conclusions
This chapter is concerned with the description of the technique of measurement 

and characterisation of the laser emission from the fabricated mode-locked lasers. The 
description of the mode-locked laser test set-up, with characteristics and specifications 
of each equipment used, is given in section 4.1. The bulk of the chapter consists of 
sections 4.2 and 4.3, which are dedicated to the linear correlation technique used for 
time domain measurements. In section 4.2 the linear correlator set-up is described and 
its measurements are discussed using experimental results obtained from a 
semiconductor laser operating at different regimes, including below lasing threshold 
(spontaneous emission) and lasing at a single longitudinal mode, multimode and mode- 
locked. In section 4.3, the equations that describe the linear correlation method are 
written and from them, simulations of the output from the interferometer were obtained. 
The simulations are for laser operation regimes similar to the ones studied in section 
4.2, therefore comparisons between experimental and simulated results were made.

Sections 4.2 and 4.3 also give the advantages and disadvantages of the linear 
correlation technique in relation to the more conventional and more widely used 
nonlinear technique employing second harmonic generation. In summary, the linear 
technique is simpler and of lower cost to implement. Its main advantage is that it uses 
low optical powers to obtain the measurements, which suits the monolithic mode- 
locked semiconductor lasers since they usually generate only a few tens of milliwatts 
peak power. These low peak powers make SHG difficult to obtain. The main 
disadvantage of the linear technique is its insensitivity to frequency chirp on pulses. 
This limits the pulsewidth measurement to the minimum pulsewidth possible, which is 
for unchirped, Fourier-transform-limited pulses. However this limitation is acceptable 
for the characterisation of monolithic mode-locked semiconductor lasers because these 
devices usually generate transform limited pulses [7].

The mode-locked laser test set-up described in section 4.1 could be improved by 
extending the computer control to every equipment in the set-up, including the power 
meter, temperature controller and power supplies. Along with the use of fixed beam 
splitters instead of movable mirrors, it would allow simultaneous measurement of 
optical power, spectrum and correlation trace as a function of current and reverse bias. 
This would perform a systematic and detailed set of measurements on the lasers. 
Following the same idea, the correlator set-up could be improved by computer 
controlling the Burleigh controller. Another possible improvement could be the 
extension of the total span of the inch-worm. The one used in the set-up has a total span
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of 7 mm, but a 2 cm version is commercially available. The longer span would allow a 
more accurate measurement of the coherence length of the lasers, as well as the 
measurement of the repetition rate of longer cavity (lower repetition rate) lasers.

The future development of the mode-locked laser test set-up could involve the 
use of the standard nonlinear autocorrelation technique based on SHG in a nonlinear 
crystal [1, 4], or the use of a semiconductor waveguide autocorrelator. This is a novel 
technique, developed in Glasgow University, and is based on two-photon absorption in 
a semiconductor waveguide [14]. Moreover, the information from both linear and 
nonlinear correlation techniques can be used to reconstruct the pulse, obtaining pulse 
shape and chirp structure [15, 16].
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Chapter 5: Experimental Results

This chapter is concerned with the characterisation work carried out on colliding 
pulse mode-locked (CPM) lasers. The main results are organised in sections according 
to their emphasis and contribution to the area of short pulse generation from monolithic 
mode-locked lasers. Section 5.1 describes and analyses the experimental results 
obtained from a standard CPM laser configuration, from which some new TE-TM 
polarisation effect could be seen. Section 5.2 deals with an original configuration of 
CPM laser, which is called multiple colliding pulse mode-locked laser (MCPM). 
Section 5.3 is concerned with the realisation of a monolithic CPM laser in a ring shape 
cavity, the CPM ring laser. Section 5.4 presents the progress towards the realisation of a 
CPM laser using flared waveguide as an attempt to obtain higher output power from the 
laser, which is called bow-tie CPM laser. Section 5.5 is dedicated to the development of 
an all optical clock recovery device based on a CPM laser. Section 5.6 comprises a 
compilation of the conclusions of each section as a summary of the chapter. And finally 
section 5.7 gives the list of references to this chapter in order of appearance.

5.1 - GaAs/AIGaAs CPM Quantum Well Lasers
The monolithic passive colliding pulse mode-locked (CPM) semiconductor 

quantum well lasers have been the subject of intensive investigations recently due to 
their potential applicability in optoelectronically generated short pulses for optical fibre 
communication systems. Relevant review papers have been produced and are listed in 
references 1, 2 and 3. These lasers have been shown to be capable of producing 
transform limited, sub-picosecond pulses, down to around 640 fs at repetition rates as 
high as 350 GHz [4]. Briefly, the device consists of a saturable absorber integrated in 
the middle of a laser resonator, which makes the laser generate two counter propagating 
pulses that collide in the absorber section. The saturable absorber is simply a reversed 
biased section which provides absorption due to an electric field dependent decrease in 
the semiconductor band-gap, known in quantum wells as the quantum confined Stark 
effect. The reverse bias also decreases the absorption recovery time by sweeping out 
the carriers from the absorber section [1-5]. A more detailed description of basic CPM 
laser operation with quantum well saturable absorbers is given in Chapter 2.

All of the work so far reported in monolithic CPM lasers has been on long-haul 
communication wavelength devices (-1550 nm). Here the realisation of a short 
wavelength (-860 nm) monolithic passive CPM laser is reported [6]. A short 
wavelength external extended cavity CPM laser based on bulk semiconductor has been 
reported in reference 7. The shorter wavelength device produces photon energies above

69



J. F. Martins-Filho Chapter 5: Experimental Results

the band-gap energies of GaAs and Si and may find applications in high-speed optical 
sampling and in short-haul communications as a compact, efficient source of ultrashort 
pulses. Results on the polarisation dependence of the CPM laser output are also 
presented, where both TE and TM polarisation are seen at different wavelengths. This 
type of operation arises from polarisation dependence of the gain and saturable absorber 
sections particularly prevalent in quantum well based devices.

The laser was fabricated in the four quantum well GaAs/AlGaAs material 
described in Chapter 3. The monolithic CPM laser is shown in figure 5.1.1. Figure 
5.1.1(a) shows a diagram of the laser structure and (b) shows a scanning electron 
micrograph (SEM) of the laser. As described above, the device consists of the 
monolithic integration of a saturable absorber in the middle of a laser cavity. Details of 
fabrication technique are also given in Chapter 3.

Figure 5.1.2 shows the experimental set-up for CPM laser test and 
characterisation. It consists of a pulse generator or CW laser power supply for gain 
section forward biasing, whereas another power supply reverse biases the central 
absorber section of the laser. The laser beam is collimated and focused by objective 
lenses on an optical power meter or an optical fibre which leads it to an optical 
spectrum analyser. A computer performs the control and data acquisition. The 
correlation method for time domain measurement described in Chapter 4 was not 
available at the time of these devices were tested. Several devices of different lengths 
have been fabricated. They have different mode-locked repetition frequencies in the 
range 73-129 GHz. Figure 5.1.3 shows the optical spectrum for a cleaved 560 |im long 
laser which has 60 p.m long saturable absorber section in the middle and is driven by 
1 ps pulses at 1 kHz repetition rate (although the laser has also operated CW mode- 
locked). When both gain and absorber sections are equally forward biased the laser 
threshold current is 40 mA. The continuous line in figure 5.1.3 shows its optical spectra 
for a forward bias current of 60 mA. The longitudinal mode separation in this case is 
measured to be 64.5 GHz (0.16 nm on figure 5.1.3). When 0.3 V reverse bias is applied 
to the absorber section one can observe the longitudinal mode separation of laser 
emission doubles to 129 GHz (0.32 nm on figure 5.1.3). The change in the longitudinal 
mode separation indicates that the CPM effect is taking place. From previous work [1, 
2, 4] it is clear that this is the standard behaviour of a semiconductor CPM laser and it 
indicates that 2 pulses are circulating in the cavity and colliding in the saturable 
absorber. The pulse repetition rate is then 129 GHz. Although this repetition rate was 
subsequently confirmed by synchroscan streak camera measurements (From Hadlands 
Photonics Ltd.) where also 2 ps resolution limited pulse width was measured, these 
results cannot be reproduced here.
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Figure 5.1.1: Colliding pulse mode-locked (CPM) laser diagram (a) and SEM  (b).
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Figure 5.1.2: CPM laser test set-up.
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Figure 5.1.3: Optical spectrum o f  a 560pm long CPM laser when fu lly  forw ard biased 

(line) and 0.3 V reverse biased (dashed).
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Figure 5.1.3 also shows that the CPM laser emits in two different wavelength 

groups separated by about 5 nm. Polarisation selective optical spectra were performed 

and showed that, for the fully forward biased condition, the laser emits in TE 

polarisation only, whereas when the absorber is reverse biased the laser emits in both 

TE and TM polarisation. Figure 5.1.4 shows optical spectra for TE and TM polarisation 

when 1.5 V reverse bias is applied. One can see that for TM only one group of peaks 

appears corresponding to the light hole emission, whereas for TE two groups of peaks 

can be seen, corresponding to light and heavy hole emissions. This effect arises from 

the polarisation dependence of the gain and reverse biased absorber sections which is 

important in quantum well lasers. Figure 5.1.5 shows the spectrum of transmitted light 

through a quantum well waveguide as a function of the applied reverse bias for TE and 

TM polarisation. To obtain those the output of a tuneable Ti:sapphire laser was coupled 

into a quantum well laser waveguide. The whole device was reverse biased for better 

contrast. The output intensity was measured using a photodiode and lock-in amplifier. 

In figure 5.1.5 one can see that for a given wavelength near the band edge the losses of 

a reverse biased quantum well waveguide are higher for TE than for TM polarisation. 

This illustrates that the polarisation dependence of both the gain and the saturable 

absorber sections can be crucial to the operation of quantum well CPM lasers.
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Figure 5.1.4: Optical spectrum fo r  TE and TM polarisation o f  the CPM laser when 
1.5V reverse bias is applied.
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A full explanation of the above effect would require careful modelling. But in 

outline, a qualitative explanation is as follows: in a quantum well laser the heavy and 

light hole valence band degeneracy is removed due to the effects of confinement, and 

the laser operates preferentially in the heavy hole transition because of the higher 

density of states associated with the heavy hole and thereby larger gain for the heavy 

hole (TE polarised) transition. In the saturable absorber section of the CPM laser, the 

reverse bias produces an absorbing region with a polarisation dependent absorption as 

is well known from studies of the quantum confined Stark effect [8 ,9 ] and is illustrated 

in figure 5.1.5. The losses introduced by the saturable absorber in the CPM laser are 

then polarisation, wavelength and intensity dependent in a com plicated fashion which 

would require some detailed modelling to be understood. However, the general trend is
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that the heavy hole operation is attenuated by the preferential TE absorption in the 
saturable absorber and this allows light hole and TM operation to take place in the laser.

The long term stability of these devices has not been fully investigated. Some 
simple tests have discovered that there is a change in the electrical characteristics of the 
saturable absorber after CPM operation of the device. After a short period (a few 
seconds) of CPM operation, the diode characteristics of the saturable absorber section 
are degraded permanently and afterwards, when the saturable absorber section is then 
forward biased, it does not provide gain. However, changes to the electrical 
characteristics cease after an initial “burn-in” period and can be avoided altogether if 
the reverse bias current is limited by a series resistance (although in the results 
presented here in this section the reverse bias current has not been limited).

These polarisation dependent effects could not be reproduced from another set 
of lasers fabricated afterwards. During tests of these new lasers, the previously 
observed change in the electrical characteristics of the saturable absorber could not be 
detected. Moreover, polarisation-bistability in lasers have been reported for 
InGaAsP/InP based materials [10]. In this case the TM gain is enhanced by stress in the 
active layer, which is introduced by lattice mismatch between epitaxial layer and 
substrate. Although lattice mismatch is usually very small for GaAs based material, 
some sort of defect on the substrate of that first particular sample might have caused 
some stress and contributed to the enhancement of TM polarisation gain in that laser. 
Therefore, further experimental work, as well as theoretical modelling, would be 
necessary to find out which of these three effects (dichroism of quantum wells or 
possible damage of saturable absorber or possible strain in active layer), or which 
combination of them, plays the major rule in the TE-TM polarisation effects observed 
here.

In conclusion to this section, the realisation and characterisation of a short 
wavelength (-860 nm) quantum well AlGaAs/GaAs monolithic colliding pulse mode- 
locked (CPM) laser has been described. The devices have mode locked operation 
repetition rates in the range 73-129 GHz and pulsewidths of 2 ps or less. The 
importance of the polarisation dependence of the saturable absorber and the gain section 
in the operation of a quantum well monolithic CPM is discussed.
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5.2 - Multiple Colliding Pulse Mode-Locked Lasers
Semiconductor laser mode-locking at harmonics of the cavity round trip 

frequency allows the generation of high repetition rate train of pulses from longer 
cavities. It can be achieved in actively mode-locked lasers by suitable choice of the 
repetition frequency of the driving signal [11]. It has also been observed in extended 
cavity passive two-section mode-locked lasers [12, 13], where several harmonics were 
obtained depending on the gain section current, in a multi-stable behaviour.

The monolithic passive mode-locking scheme is attractive for achieving high 
repetition rates, above 100 GHz since it does not require the injection of a high 
frequency RF signal. Portnoi et al. first observed passive mode-locking at 200 GHz, by 
using ion implantation to form the saturable absorber section in a monolithic laser 
structure [14]. Chen et al. used a 250 pm long monolithic passive colliding pulse mode- 
locked (CPM) laser to obtain short pulses at 350 GHz [4]. CPM lasers usually have 2 
counter propagating pulses circulating in the cavity which produce a train of pulses at a 
repetition rate that is twice the cavity mode space frequency, i.e. second harmonic of the 
repetition rate. Doubling of CPM repetition frequency has been observed in a passive 
monolithic ring laser [15], but again depending on the gain section current.

More recently a growing interest has been apparent in the generation of 
ultrashort pulses at ultrahigh repetition rates [16], reaching terahertz rates [17,18]. Such 
high speed is achieved by inducing the laser to operate at harmonics of the fundamental 
inverse round-trip time of the monolithic cavity.

This section presents a modified CPM laser configuration which can generate 1, 
2, 3 or 4 pulses in the cavity, giving the first, second, third or fourth harmonic of the 
repetition rate. The laser is flexible in the sense that its operation can be switched 
between 1,2,3 or 4 pulses depending on the bias (forward or reverse) applied to each of 
its 3 independent sections, changing the position and number of saturable absorbers in 
the cavity. In contrast to the lasers reported in references 12, 13 and 15 to 18, the 
multiple pulse operation here does not depend on the current applied to the gain section. 
The laser is an extension of the normal colliding pulse laser described in section 5.1 [6], 
which consists of a gain section with one saturable absorber placed in the centre. In the 
present laser more saturable absorber sections have been added. However, the basic 
type of operation is the same, pulses collide at each saturable absorber. This is the first 
observation of multiple colliding pulse mode-locked (MCPM) laser operation [19, 20]. 
A 400 |im long MCPM laser generates 1 ps pulses at 375 GHz, which is the fourth 
harmonic of the cavity round-trip frequency [21, 22].

Figure 5.2.1 shows the top view diagram of the MCPM laser, its longitudinal 
cross-section with the electrical connections for forward and reverse biasing, and a 
photograph of the actual device. The laser has a contiguously electrically connected 
gain section and 3 separated sections placed at every quarter of the cavity length. Each

76



J. F. Martins-Filho Chapter 5: Experimental Results
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Figure 5.2.1: Top view diagram (a) and longitudinal cross-section on the waveguide (b) 

o f the M CPM  laser. The schematic electrical connections fo r  fo rw ard  and reverse 

biasing (for the case o f having 3 absorbers in the cavity) are also shown in (a) and (b). 

Optical microscope photograph o f  a 600 pm  long M C PM  laser m ounted and wire 

bonded (c).
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of the 3 sections (labelled a, b and c on the diagram) is separately electrically 
addressable and when reverse biased it behaves as a saturable absorber, and when 
forward biased as a gain section. The device fabrication, as well as the semiconductor 
material structure, are described in Chapter 3.

The characterisation of the MCPM lasers is performed by measuring the time 
averaged optical spectra on an optical spectrum analyser and the linear cross-correlation 
trace, as described in Chapter 4. The linear cross-correlation method for time domain 
measurement uses a Michelson interferometer to scan a pulse through itself and its 
neighbours in a train of pulses, obtaining pulse width, repetition rate and coherence 
length of the laser [23]. This technique detects the mixing signal between light from 
each arm of the interferometer at a low speed photodetector and it does not employ 
second harmonic generation. The mixing technique employing a lock-in amplifier and 
2 choppers (one in each arm of the interferometer) removes the dc level generated by 
the direct detection of light from each individual arm of the interferometer. Therefore 
only the interference signal is detected [23]. Although this technique has some 
limitations concerning pulse width measurement, it is attractive for characterisation of 
mode-locked semiconductor lasers since these devices generally generate low optical 
powers, which makes second harmonic generation (SHG) more difficult in practice. 
The limitation of the technique consists of its insensitivity to the effect of frequency 
chirp on pulses [19, 23]. Therefore measurements of time-bandwidth product could be 
misleading. However it is reasonable for these lasers because there has been no 
evidence of significant chirping from CPM lasers and measurements have generally 
indicated transform limited pulses [1-3]. A more detailed discussion about this 
technique is developed in Chapter 4.

The total cavity length of the laser tested is 600 p.m and each one of its 3 
independent sections (a, b and c in figure 5.2.1) is 30 p.m long. The laser operates on 
CW regime and, when every section is forward biased, the threshold current is 30 mA. 
A current source is used to bias the gain sections, whereas a voltage source applies the 
reverse bias to the absorber sections. A 50 £2 resistor is used to limit the current 

flowing from the absorber sections preventing any possible damage to them. For the 
range of current applied to the gain section of the laser here (up to 100 mA), no 
temperature control is needed.

Mode locking can be achieved by reverse biasing one of the 3 sections (a, b or c 
in figure 5.2.1). If section a is reverse biased, providing saturable absorption, while 
sections b and c are forward biased, providing gain, the MCPM laser has one saturable 
absorber in the cavity and in this case it mode-locks at the repetition rate corresponding 
to the cavity round trip time. For the 600 |im long laser it is 60 GHz, which is the first 
harmonic of the repetition rate. Since only one pulse is present in the cavity at a time, 
this mode of operation is called 1 pulse mode-locking. Figures 5.2.2-a and b show the
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correlation trace and the optical spectrum for this type of operation when we apply 
-0.95 V to section a and 60 mA to the rest of the laser. The average width of the 
correlation trace pulses is 3 ps, obtained by measuring the width of each pulse shown in 
figure 5.2.2-a. Assuming in this case a hyperbolic secant pulse shape the deconvolution 
factor of 1.54 is used to obtain the actual pulse width [24], which is 2 ps FWHM. The 
same procedure will be applied to pulse width measurements thereafter. The 
longitudinal mode space measured in figure 5.2.2_b is 0.15 nm, which corresponds to 
the 60 GHz repetition rate obtained from figure 5.2.2-a. In contrast to the case of 
multimode operation discussed in Chapter 4, the coherence time of the laser observed in 
figure 5.2.2-a is much longer than the round-trip time of the cavity. The measurement of 
the coherence length is limited by the continuous scanning range of the interferometer, 
which is 15 mm (50 ps) in the experimental setup. But a non-continuous scan 
measurement, up to pulses 10 round-trips apart (150 ps), showed no noticeable change 
in pattern. This long coherence time compared to the round trip time (16.4 ps) and the 
photon lifetime (about 5 ps) is an indication of mode-locking operation. Due to 
symmetry similar results are obtained by reverse biasing section c and forward biasing 
sections a and b in figure 5.2.1.

Two pulse CPM operation is obtained when the central section of the laser 
(section b in figure 5.2.1) is reverse biased whereas the others (sections a and c) are 
forward biased by connecting them to the gain section. This configuration corresponds 
to standard CPM operation of lasers, which has one saturable absorber in the middle of 
the cavity [1,6]. Figures 5.2.2-c and d show the cross-correlation and optical spectra 
for 2 pulse CPM operation when 0.37 V reverse bias is applied to section b and 54 mA 
is applied to the rest of the laser. It can be seen in figure 5.2.2-d that three longitudinal 
modes are apparent and the mode spacing is 0.3 nm which is twice the original cavity 
mode space (0.15 nm) and corresponds to a pulse repetition rate of 120 GHz. As 
discussed in section 5.1 this is the standard behaviour of a semiconductor CPM laser 
and it indicates that 2 pulses are circulating in the cavity and colliding in the saturable 
absorber. With only 3 modes locked it is difficult to fit a typical envelope shape to the 
optical spectra and the pulse shape can be close to a quasi-sinusoidal shape. But for the 
sake of simplicity it is assumed here and thereafter a hyperbolic secant pulse shape as 
well, which is the most commonly found in the literature for this type of device [1,2]. 
From figure 5.2.2-c a deconvolved pulse width of 3 ps, at 120 GHz repetition rate is 
obtained.

The figures 5.2.2-e and f are obtained when the sections a and c are reverse 
biased with 0.74 V. The section b and the gain section are forward biased with 54 mA. 
In this configuration the laser has two saturable absorbers in the cavity. It can be seen 
in figure 5.2.2-f that in this case the separation of the longitudinal modes is 0.45 nm,
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Figure 5.2.2: Linear correlation traces and optical spectra o f  a 600 pm  long M CPM  

laser fo r  different modes o f  operation: I pulse mode-locking (a and b); 2 pulse CPM  

operation (c and d); 3 pulse MCPM  (e and f); 4 pulse M CPM  operation (g and h). 

Vertical axes represent intensity in arbitrary units.
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which is three times the original cavity mode space, corresponding to 180 GHz. Figure

5.2.2-e gives 2 ps pulse width and 180 GHz, which is the third harmonic of the 

repetition rate. As an extension of the 2 pulse CPM operation, this is explained by 

assuming that the laser is operating in a 3 pulse regime, where 3 pulses are present in 

the cavity, as illustrated in figure 5.2.3. Two pulses collide at every 1/3 of the cavity 

length, while the other is 2/3 of the cavity length distant from them, that is at the facet. 

Although the collision points do not correspond to the exact position of the saturable 

absorbers, the pulses are wide enough (2 ps pulsewidth is 150 pm long inside the laser) 

to overlap in the saturable absorber section. Therefore the pulses still collide in the 

absorber sections.
^ L / 4 ^  ^ L / 4 ^  ^ L / 4 ^  J - / 4 ,

Laser
waveguide

Start

1 /6  Cycle

2/6 Cycle

L / 3 L / 3L / 3

Figure 5.2.3: Illustration o f  the three pulse operation o f the M CPM  laser. Light (dark) 

areas in the laser waveguide indicate gain (saturable absorber a and c) sections.

Four pulse MCPM operation is achieved when the three sections (a, b, and c) are 

reverse biased. As a result, the laser has three saturable absorbers in the cavity. Figures

5.2.2-g and h show the cross-correlation and optical spectrum for 0.33 V reverse bias 

applied to the three sections, whereas the gain section is forward biased with 65 mA. 

The longitudinal mode separation is 0.6 nm which corresponds to a pulse repetition rate 

of 240 GHz, which is the fourth harmonic. The pulse width measured is 1.6 ps. This 

configuration has four pulses circulating in the cavity and they collide exactly in the 

saturable absorber sections, as illustrated in figure 5.2.4. Two of them collide with 

other two pulses in sections a and c, and after moving a quarter of the cavity length two 

pulses collide in the section b, while the other two pulses are at each facet of the laser. 

A shorter laser, 400 pm long with 15 pm saturable absorber sections, operating in 4 

pulse mode generates 1 ps pulse width at 375 GHz repetition rate, as it is shown in 

figures 5.2.5-a and b.
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Figure 5.2.4: Illustration o f the four pulse operation o f the M CPM  laser. Light (dark) 

areas in the laser waveguide indicate gain (saturable absorber a, b and c) sections.
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Figure 5.2.5: Linear correlation trace (a) and optical spectrum (b) o f  a 400 pm  long 

M CPM  laser fo r  4 pulse MCPM operation. The deconvolved pulse width is 1 ps and the 

repetition rate is 375 GHz. Vertical axes represent intensity in arbitrary units.

No change of harmonics (multistability) could be found in the devices studied 

here when the current is varied (up to 90 mA) for each laser configuration. It indicates 

that, in contrast to previous work [12, 13, 15-18], the multi-pulse operation, or in other 

words, the harmonic generation discussed here is due to the number and position of the 

saturable absorbers in the cavity and not the current level. It is corroborated by 

theoretical results from both frequency-domain and time-domain models, performed by 

E. A. Avrutin [22] (see Appendix 3).

Besides mode-locked, the laser can also operate single mode, multimode (free 

running, non-locked) and Q-switched, depending on the forward current and reverse 

bias applied to its sections. When every section of the laser is forward biased and it 

operates at currents not far beyond threshold, the laser emits in a single longitudinal 

mode. It is shown in figure 5.2.6-a for 60 mA pumping current. The side mode
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suppression is larger than 25 dB (not measurable from the figure 5.2.6-a). Multimode 

operation occurs for currents very close to threshold and also for high currents, above 

the single mode operation region. Figure 5.2.6-b shows the optical spectrum for 

multimode operation when 35 mA is applied to the laser. Strong indications that the 

same laser device can also operate Q-switched were obtained from a fast photodetector 

and a RF spectrum analyser, where it could be observed that the laser can self-pulsate at 

about a few gigahertz repetition rate range, depending on the forward current applied to 

the gain section and the reverse bias applied to the absorber sections. The laser emits a 

broadened optical spectrum, typical of Q-switching [3], as can be seen in figure 5.2.7-c. 

Figure 5.2.7 also show optical spectra for single mode and 4 pulse mode-locked 

operation. It illustrates the change of mode of operation of the laser as a function of the 

applied bias to the saturable absorber sections. For a fixed gain section current of 

80 mA, the laser spectrum changes from single mode to m ode-locking and to Q- 

switching operation, as the absorber bias is decreased from +0.5 V to -0.4 V and to 

-1.66 V, respectively.

0.5 -

1

-  0.5

0
871 867 869 871 873869

Wavelength (nm) Wavelength (nm)

Figure 5.2.6: Optical spectrum o f  the M CPM  laser when every section is forw ard  

biased with 60 mA (single mode) (a), and with 35 mA (multimode) (b). Vertical axes 

represent intensity in arbitrary units.

The range of stable mode-locking operation has also been studied. The ranges of 

current and absorber bias in which the laser operates in 4 pulse MCPM mode are shown 

in the light versus current curve of figure 5.2.8. The output optical power is measured 

as a function of the gain section current for different absorber biasing conditions. One 

can clearly see the increase of the threshold current of the laser as the absorber bias is 

decreased from 0V to -4V. It is due to the insertion of loss in the cavity, which comes 

from the increasing absorption in the absorber sections as a function of the applied 

reverse bias (see figure 5.1.5). The dark lines on the L x I curves show where stable 4 

pulse mode-locking (at 240 GHz) is found. Up to 7 mW average power, corresponding 

to 25 mW peak power can be achieved. The pulse energy is 0.03 pJ. These values are 

very similar to the ones reported in the literature for this type of device 1 1 , 2 ].
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Figure 5.2.7: Optical spectra o f the M CPM  laser showing the change o f  mode o f  

operation, from  CW single mode (a) to 4 pulse m ode-locking (b) and then to 

Q-switching (c), as the absorber sections are biased with + 0.5 V (a), -0.4 V (b) or 

-1.66 V (c). The gain section current is fixed  at 80 mA.
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Figure 5.2.8: Laser output power versus gain section current (L x  I  curve) fo r  the 

M CPM  laser operating in 4 pulse mode fo r  several absorber biasing conditions: all 

sections forw ard  biased, 0V, -2.8V, -3V, -3.3V, -3.5V, -4V. The bias is set fo r  zero 

current applied to the gain section o f the laser. The range o f  mode-locking at 240 GHz 

is shown in dark lines.
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The range of mode-locking has also been observed in a gain current versus 

absorber bias graph and it is shown in figure 5.2.9. In this graph the absorber bias is set 

at zero gain section current and we measure the change of the bias as the gain current is 

increased, which gives the dashed lines in figure 5.2.9. The lasing threshold and the 

areas of CW, mode-locking or self-pulsation operations are shown. Again the dark lines 

on the curves indicate where stable 4 pulse MCPM is found. In the L x I curves shown 

in figure 5.2.8, Q-switching occurs at lower currents than mode-locking, for a given 

reverse bias (not shown in figure 5.2.8), whereas figure 5.2.9 shows the area where Q- 

switching (self-pulsation) is found. A comprehensive study and characterisation of the 

Q-switching operation of these devices should be subject of future work.
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Figure 5.2.9: Variation o f the absorber section bias with the gain section current fo r  

several initial values o f the bias (-1, -2, -2.8, -3, -3.2, -3.3, -3.5 and -4V), which are set 

at zero current (shown with dashed lines). The firs t kink in the curves indicates the 

lasing threshold. The second kink marks the transition from  self-pulsation to either CW  

or m ode-locking operation. 4 pulse mode-locking operation at 240 GHz is indicated 

with dark lines.

Two main features differ this range of mode-locking from the ones found in the 

literature [1], This range is rather small in current and reverse bias, and it shows two 

distinct areas where 4 pulse MCPM is observed. From figures 5.2.8 and 5.2.9 it is clear 

that there are two regions where mode-locking is found for each absorber bias curve, 

with initial values between -2.8 and -3.3V. A possible explanation for these features lies 

on the need of very fast absorption and gain recovery in order to sustain mode-locking 

at 240 GHz (4.1 ps period). In these m ode-locked devices saturable absorption is 

achieved by applying a negative bias between the absorber section (a, b or c in figure 

5.2.1) and the ground contact. This reverse biasing technique has been successfully

85



J. F. Martins-Filho Chapter 5: Experimental Results

employed by a number of authors [1-7]. An electric field is applied perpendicular to 
the quantum wells, which induces a shift of the semiconductor band edge, known as 
quantum confined Stark effect (see figure 5.1.5) [8, 9]. Therefore the reverse bias 
introduces absorption in the laser sections, which is saturated by the intensity of the 
laser pulse travelling in the cavity by mostly band filling effect [8, 9, 25]. After the 
passage of the pulse the applied reverse bias acts sweeping out the generated carries 
from the absorber sections, helping the recovery to the unsaturated state. Pump and 
probe measurements of the absorption recovery time of such type of saturable absorber 
showed that the absorption recovers to a high absorption state in approximately 10 ps 
[26]. This recovery time allows mode-locking at repetition rates as high as 100 GHz, as 
predicted by Lau [27], but it seems unlikely that this mechanism alone would be 
responsible for mode-locking operation above 200 GHz. According to a number of 
authors [28-31], faster absorption bleaching and recovery mechanisms, with sub­
picosecond relaxation times, should add to the relatively slow mechanism described 
above to sustain mode-locking at ultra-high repetition rates. This is also the conclusion 
from frequency and time domain models developed by E. A. Avrutin for the simulation 
of MCPM lasers [22] (see Appendix 3), where 0.5 ps recovery time was used. However 
it is still not clear which mechanisms are responsible for this fast dynamic behaviour 
and several different effects have been studied. Karin et al. found that spectral hole 
burning, carrier-carrier scattering and carrier heating by free carrier absorption and two- 
photon absorption give rise to a fast component (150 fs) of the recovery time of their 
saturable absorber [30, 31]. Besides these candidates, these fast dynamics might also 
be achieved with the help of the light and heavy hole excitonic non-linearities [25, 28]. 
The recovery time of excitonic absorption bleaching has been measured to be of 
approximately 300 fs in GaAs/AlGaAs multiple quantum well systems [32]. The two 
exciton peaks, corresponding to the light and heavy hole excitons, would give rise to 
the two distinct regions of mode-locking observed in figures 5.2.8 and 5.2.9. Mode- 
locking at 240 GHz would only be achieved for currents and reverse bias such that the 
lasing wavelength corresponds to an exciton peak of the quantum well saturable 
absorber. The previously reported ranges of mode-locking are for longer lasers, which 
generate lower repetition rates, at about 80 GHz [1]. They naturally have more relaxed 
requirements on fast dynamics of gain and absorption, which provokes the widening 
and merging of the two regions into a continuous one.

This conclusion is corroborated by figure 5.2.10, which shows the dependence 
of the lasing wavelength with the gain section current applied to the MCPM laser for 
different absorber sections bias. When the whole laser is forward biased the lasing 
wavelength increases with the increasing current at a rate of 0.65 A/m A. It is due to the 
temperature dependence of the semiconductor band-gap [33].
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Figure 5.2.10: Lasing wavelength as a function o f  gain section current fo r  different 

reverse bias applied to the saturable absorbers o f  the M CPM  laser in 4 pulse  

configuration. Dark lines indicate where 4 pulse mode-locking at 240 GHz is found.

As the current is increased the temperature increases, decreasing the band-gap of the 

material, which causes the lasing wavelength to shift towards longer wavelength. For 1 

and 2  V reverse bias applied to the absorber sections the lasing wavelength shifts in a 

similar manner to the one for fully forward bias condition. The pattern is substantially 

different for reverse biases between 2.8 and 3.3 V, where mode-locking at 240 GHz is 

found. In these cases the rate of shift is decreased or it even becomes negative. For 

higher reverse biases, 3.5 and 4 V, the pattern of the variation of lasing wavelength 

with current is again similar to the fully forward biased case. A possible explanation of 

these effects lies with the gain section lasing wavelength and absorber section reverse 

bias dependence with the injected current. The former was discussed before. The latter 

is due to finite (2 k£2) electrical isolation between gain and absorber sections. As the 

current in the gain section is increased, the reverse bias of the absorber section 

decreases because of current leak from the gain section to the absorber section. This 

effect can be seen in the dashed lines of figure 5.2.9. Therefore an increase of the 

current in the gain section causes a red shift of the lasing wavelength in the gain section 

and a blue shift of the absorption band edge in the absorber sections (see figure 5.1.5). 

Depending on the initial values of reverse bias and current, these opposing effects will 

tend to balance each other, which is the case for reverse biases between 2.8 and 3.3 V 

of figure 5.2.10. It corroborates with what was observed in figures 5.2.8 and 5.2.9, since 

mode locking is only found when the lasing wavelength is scanned through the
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absorption band edge and consequently the exciton peaks of the absorber section. If too 
little reverse bias is applied initially, the red shift effect from the gain section is the 
dominant effect since the absorption band edge is too far behind the lasing wavelength. 
It is the case for 1 and 2 V of figure 5.2.10. In this case the laser does not operate mode- 
locked, as shown in figure 5.2.9. If too much reverse bias is applied to the absorber, 
lasing will occur at a wavelength lower than the absorption band edge and again the 
shifting behaviour will be dominated by the red shift of the gain section (which is the 
case for 3.5 and 4 V), up to the point when the band edge of the absorber is brought 
closer to the lasing wavelength (not observed for the currents used in figure 5.2.10). In 
this case the laser operates Q-switched, as shown in figure 5.2.9.

The difference of lasing wavelength between the two regions of mode-locking 
shown in figure 5.2.10, which is around 1 nm, does not correspond to the distance 
between the light and heavy hole excitons of the laser, estimated to be of around 4 to 
5 nm. It is due to the opposite direction of the effects of gain (red shifting) and 
absorption (blue shifting) change in the lasing wavelength with increasing current.

In conclusion to this section, the operation of a monolithic multi-sectioned 
semiconductor laser has been described. The laser can be operated as either single 
mode, multimode, self pulsation (or Q-switched) and mode-locked in either 1, 2, 3 or 4 
pulse operation. This device is a very versatile source of high repetition rate (up to 
375 GHz) ultrashort pulses (around 1-3 ps) of light. The various modes of operation of 
the device have been experimentally investigated. Experimental indications of the 
presence of excitonic nonlinearities in its operation have been found and qualitatively 
discussed. The indications consist of the observation of two distinct regions where 
mode-locking is found in measurements of range of mode-locking. The two regions 
correspond to the contribution of fast bleaching and recovery of light and heavy hole 
excitons. These fast saturable absorption dynamics of quantum wells, measured in 
reference 32 to be of approximately 300 fs, may be responsible for the fast component 
of saturable absorption necessary for mode-locking operation at 240 GHz. A more 
comprehensive experimental as well as theoretical study of the contribution of excitonic 
nonlinearities for the ultra-high speed laser operation should be performed in order to 
obtain more quantitative conclusions on it.
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5.3 - Monolithic CPM Ring Lasers
Semiconductor lasers in monolithic ring cavities are probably the most suitable 

laser configuration for applications in monolithic optoelectronic integrated circuits [34]. 
The ring cavity dispenses the use of facets for optical feedback and output coupling. 
The output coupling is provided from an extra waveguide by a simple Y-junction to the 
ring cavity [34], or a directional coupler [35], or a multimode interference (MMI) 
coupler [36]. The extra waveguide can then lead the laser beam to other optoelectronic 
devices in an integrated circuit without interfering with the laser operation.

Semiconductor lasers have been actively and passively mode-locked in external 
ring cavities [37, 38]. Monolithic ring lasers have also been successfully mode-locked, 
both in passive [15] and active regimes [39]. From the practical device fabrication point 
of view, monolithic mode-locked ring lasers have some particular characteristics, which 
give this configuration some advantages in relation to their linear Fabry-Perot cavity 
counterparts. Differently from Fabry-Perot (FP) cavities, the position of a saturable 
absorber in a ring cavity is not an important issue due to its inherent symmetry. 
Regardless of the position of the absorber section in the ring cavity the laser will 
operate in colliding pulse configuration, as long as there are two counter-propagating 
waves in the laser resonator. Another interesting aspect regards the repetition rate of the 
lasers. Since the cavity length is defined by photolithography, rather than by cleaving 
end facets like in FP cavities, the repetition rate of mode-locked ring lasers is better 
defined and would be more reproducible in mass-production. Moreover, because of the 
larger Q factor of the ring cavity, which comes from the lower loss from the output 
coupling, the ring laser is more suitable for implementation of long monolithic cavities 
than FP lasers. It means that with ring lasers it is easier to achieve lower repetition 
rates. Monolithic CPM ring laser operation has been demonstrated at 86 GHz [15]. 
9 GHz repetition rate has been obtained from a monolithic CPM ring laser with non­
absorbing passive sections [39].

This section reports on the design and characteristics of a monolithic CPM ring 
laser which has two saturable absorber sections and operates at 28 GHz repetition rate 
[40]. The realisation of this laser is a collaboration with Dr. T. Krauss from Glasgow 
University. The laser was fabricated in double quantum well GaAs/AlGaAs material. 
The 2 (im wide strip-loaded waveguide and MMI output coupler are formed by 
standard SiCU dry etching. Detailed descriptions of wafer structure and fabrication 
technique for ring lasers are given in references 36, 40 and 41. After top metallisation 
(NiCr/Au), which defines the sections of the laser, a dry etch is performed to increase 
the electrical isolation between sections in a similar manner as described in Chapter 3. 
Figure 5.3.1 shows the top view of the CPM ring laser. The ring cavity configuration 
consists of two semi-circles of 400 t̂m radius, separated by two straight sections
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300 fim long, in a "race-track" shape. The total length of the cavity is 3 mm. Each 

saturable absorber is 150 |am long, separated from the gain section by 10 fim long gaps. 

The MMI coupler is placed in one of the strait waveguide sections, to which the output 

waveguide is connected. This waveguide is designed to make a 4° angle with the 

perpendicular position at the laser output facet in order to reduce the optical feedback 

and possible disturbance of the ring laser operation. These tilted facets also avoid lasing 

action at the output waveguide, which effectively works as an amplifier section.

Ring cavity Output waveguide

MMI coupler

Saturable absorber sections Laser top contact

Figure 5.3.1: Schematic diagram o f the monolithic CPM semiconductor ring laser. The 

ring cavity is not circular because o f the M M I coupler. Gradients indicate laser output 

at waveguides.

The CW  threshold current of the laser is 110 mA, which is low considering the 

total length of pumped waveguide (3 mm of laser and 1.5 mm of output waveguide) 

[40]. Optical spectra of the laser output have been obtained with a scanning Fabry-Perot 

interferometer. They revealed that when fully forward biased the laser emits in a single 

longitudinal mode, up to 10 mW CW output power. When the two saturable absorber 

sections are biased with -0.4 to -1.2 V the laser emits in 6 to 8 longitudinal modes, 

indicating that mode-locking might be taking place. The repetition rate is 28 GHz, 

given by the longitudinal mode separation [40]. Observation of CPM operation from 

the optical spectrum of the laser emission is more difficult in ring than in FP lasers. The 

typical doubling of longitudinal mode separation that occurs in a FP laser does not take 

place in a ring laser due to its cavity configuration. The round trip of a ring cavity is the 

same for CW and mode-locking em ission. The confirm ation of the m ode-locking
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operation of the laser with time domain measurements to obtain pulse width and 
repetition rate has not been performed yet.

When only one of the absorber sections is reverse biased and the other one is 
forward biased the laser operates at the same repetition rate but in a less stable mode- 
locking regime. The optical spectrum shows fewer modes, which indicates a longer 
pulse width. The two saturable absorbers in colliding pulse configuration in the cavity 
provide extra pulse shortening and stabilisation of the mode-locking operation of the 
laser.

In conclusion to this section, the design, fabrication and frequency 
domain characterisation of a monolithic CPM ring laser have been described. Evidence 
of mode-locking operation at 28 GHz repetition rate has been obtained from frequency 
domain measurements. The use of two saturable absorbers in colliding pulse 
configuration in the ring cavity showed improvements in the device operation. With 
two absorbers, the laser produces shorter pulses than with only one absorber section.
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5.4 - CPM Bow-tie Lasers
High power, short pulse generation from semiconductor lasers has been sought 

for applications in free space and optical fibre communications, in diode pumped fibre 
and solid state lasers and amplifiers, and specially in nonlinear optical devices [42]. 
Such a compact, robust, reliable, low cost and low power consuming source of high 
peak power pulses would bring to the every-day-life the capabilities of the nonlinear 
optics, such as second harmonic generation and frequency conversion, ultrafast 
nonlinear switching and all-optical signal processing, among others. It would have a 
tremendous impact in ultra-high-bit-rate communication systems, high-density data 
storage, optical computing, material processing, marking and machining, and many 
others [42-44].

The recent development of a new type of device, the tapered-waveguide 
travelling-wave semiconductor laser amplifier, has contributed significantly to the 
achievement of high power CW laser output [43, 44]. The flared geometry of the 
device, narrow at the input (2-5 fim) and wide at the output (50-200 jLtm), can produce 
single transverse mode operation, lateral beam expansion and diffraction limited output 
beam with high gain coefficient [43, 45, 46]. The wider cross-section area at the output 
decreases the power density at the facet, which is the cause of catastrophic optical 
damage of the facets. These flared amplifiers, in conjunction with laser diodes in master 
oscillator power amplifier configuration, have produced 2 W CW output power in both 
discrete [47] and monolithically integrated [48] devices.

A tapered amplifier has been employed in conjunction with a passively mode- 
locked external extended cavity semiconductor laser to produce pulses of 4.2 ps 
duration at 2.5 GHz repetition rate with average powers of 296 mW, peak powers of 
28.1 W and pulse energy of 118 pJ [49]. High power active mode-locking has also been 
realised with an external compound cavity containing a narrow stripe gain section, 
where a low DC bias and the RF signal is applied, and a tapered gain section to provide 
large amplification and high laser output powers [50]. This mode-locked laser generates 
16 W peak power, with pulse energy of 450 pJ and pulse width of 12 ps at 500 MHz 
repetition rate. The average output power is 0.5 W.

A monolithic semiconductor laser employing tapered waveguides has been 
realised [51, 52]. The waveguide configuration of the device consists of two tapered 
waveguides joint at the narrow end, forming the so called bow-tie laser. With a reverse 
biased saturable absorber section in the middle of the device it has operated Q-switched 
[51], and passively mode-locked [52]. Under Q-switching operation the laser gave 
100 pJ pulse energy and 15 ps pulse width, which implies a peak power of 6.6 W [51]. 
At mode-locked operation the device gave over 50 mW average power, with 0.65 pJ 
pulse energy, 5 ps pulse width and 130 mW peak power at 100 GHz repetition rate [52].
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Although these figures represent im provements on previously reported monolithic 

device output powers, they are rather disappointing, specially considering that the 

current drive of the laser was pulsed, with 30 ns electrical pulses. The CW operation 

characteristics of these devices are yet to be shown.

This section is dedicated to the development of a monolithic colliding pulse 

mode-locked bow-tie laser similar to the one describe above for high power CW-mode- 

locked operation. Figure 5.4.1 shows the device diagram and an optical microscope 

photograph of the fabricated CPM bow-tie laser.

Gain section 
(tapered waveguides)

Saturable absorber section

Figure 5.4.1: Schematic diagram in perspective (a) and optical microscope photograph 

(b) o f  a CPM  bow-tie laser (the squares are 100 x 100 pm).
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The semiconductor material structure and the fabrication procedure are 
described in details in Chapter 3. The narrow central part of the waveguide consists of a 
strait 3 |im wide and 120 fim long rib waveguide, from which the tapered waveguides 
follow with a half angle of 4 degrees. Two kinds of devices were fabricated. One of 
them with gain and saturable absorber contacts as shown in figure 5.4.1-b, to be 
mounted p-side-up, and another one with no electrical contact to the central absorber 
section. This one is designed to be mounted p-side-down to allow for more efficient 
heat sinking. Therefore in this device the saturable absorber section is left unbiased. 
The devices tested were 0.8 and 1 mm long, corresponding to waveguide width at facets 
of 50.5 and 64.5 fim, respectively. Under CW current pumping, the threshold current of 
the 1 mm long device mounted p-side-down is 0.25 A, corresponding to a threshold 
current density of 830 A/cm2, at a stabilised heatsink temperature of 22°C. Pumped 
with 0.6 A the laser gives over 100 mW average power. Although the optical spectrum 
resembled the typical CPM features, with doubling of the longitudinal mode separation, 
the output power decreased very rapidly, changing the spectrum and the operating 
conditions. It is not believed to be an effect of inefficient heatsink since its temperature 
was kept constant at 22°C. From the expanded collimated laser beam, a constantly 
changing of transversal mode of the lasers was observed. After an initial single lobe 
(fundamental mode) operation the laser changes to 2 or 3 lobes as the output power 
drops. This mode changing behaviour persists until catastrophic failure occurs [53, 54]. 
It is believed that localised facet damage causes this mode instability and power drop, 
and leads to catastrophic failure of the lasers. Differently from the flared amplifiers, the 
facets of the lasers were not coated and they provide optical feedback to the laser. The 
feedback of light back to the waveguide tends to concentrate the optical intensity in the 
middle of the laser waveguide, not allowing it to expand as in amplifiers. The high 
power density at the uncoated facet causes facet oxidation and/or damage, which gives 
rise to the decrease in laser output power and induces the laser to switch to another 
transverse mode distribution within the wide facet area. The continuation of this 
process leads to the final laser failure. This process can be avoided all together if the 
output power of the laser is limited to about 20 mW.

In conclusion to this section it can be said that although this first attempt to 
realise high power CW operation of a CPM bow-tie laser has not been successful, the 
results obtained so far indicate that modifications on device structure should improve its 
performance and lifetime. The high-power short-pulse generation characteristics of the 
device cannot be studied until its reliability problems are solved. The main 
improvement would be the use of a reflection coating on laser facets to increase the 
power density limit at which facet damage occurs [53, 54]. Other modifications, like the 
decrease of the tapered waveguide half angle from 4 to 2 or 3 degrees and the decrease 
of the number of quantum wells of the material from 4 to 2 should decrease the
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threshold current of the devices, decreasing the operating temperature and heatsink 
requirements, increasing device lifetime. These procedures would be particularly 
important for the realisation of long cavity (longer than 1 mm) lasers.
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5.5 - Clock Recovery Device
The future (next millennium) demand for broad band services may require 

telecommunication networks to operate with Tb/s capacity. For such high bit-rate 
networks the conventional post-detection electronic processing circuitry would 
introduce an electronic "bottleneck" in the system due to its inherent speed limitations. 
To avoid it, all-optical signal processing schemes in the so called "transparent" 
networks are likely to be used [55, 56]. As part of this system, all-optical clock 
recovery must be realised to provide synchronisation in the time-division signal 
processing circuitry. The clock signal from which the data carrying signal was 
generated should be retrieved to be used in all-optical switching and/or all-optical data 
signal regeneration for further transmission through optical fibre [56, 57].

All-optical clock recovery has been demonstrated using a mode-locked fibre 
laser at a rate of 1 Gb/s, although the system is believed to be able to operate at 
100 Gb/s [57, 58]. In this device the optical data signal is amplified by an erbium doped 
amplifier and launched into and out of part of a fibre ring laser through wavelength- 
dependent couplers. In the fibre the signal induces a periodic phase perturbation on the 
laser by cross-phase modulation. If the fibre cavity length corresponds to a round-trip 
equal to (or an integer multiple of) the signal period, then mode-locking occurs. 
Another coupler provides the mode-locked laser output, which is the recovered optical 
clock signal [57, 58], Importantly, it was found that although the pulses from the data 
signal were far from being transform-limited, with significant time jitter, the mode- 
locked fibre laser produced transform-limited pulses with low jitter [57, 58]. This 
typical characteristic of mode-locked lasers makes them attractive for clock recovery 
applications.

All-optical clock recovery has also been achieved using self-pulsating 
semiconductor lasers with repetition rate ranging from 0.2 to 5 Gb/s [59, 60]. This 
approach involves the injection of the optical signal, from which the clock is to be 
recovered, into the waveguide of a self-pulsating diode laser. The signal, which 
contains frequency components of its generating clock signal, influences the saturable 
gain and absorption dynamics of the laser, synchronising its self-pulsation with the 
clock signal phase and frequency [60]. This technique is very flexible to bit-rate range 
of operation of the system since the self-pulsation frequency can be tuned to match the 
data frequency with the gain current and absorber bias applied to the laser, typically 
from 0.5 to 10 GHz. Although this typical operating frequency is high enough for near 
future application, it seems unlikely, however, that this technique will be able to reach 
the alleged Tb/s rates of the future applications due to inherent limitations of the self­
pulsation process. Moreover, the generated pulses from these self-pulsating lasers are 
usually significantly chirped, being very far from a desirable transform-limited pulse.
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These weaknesses tend to point to the monolithic mode-locked based clock recovery 
devices as the favourable technique for ultra-high repetition rate time-division 
multiplexed (TDM) telecommunication systems.

All-optical digital signal regeneration has been demonstrated by Nonaka et al. 
with a side-injection-light-controlled bistable laser diode (SILC-BLD) [61]. This device 
consists of a main waveguide laser for signal output and an orthogonally crossed sub- 
waveguide for signal input. This sub-waveguide in side-injection configuration guides 
the signal to a saturable absorber section in the main waveguide laser. By proper choice 
of the reverse bias applied to the saturable absorber section, the laser presents a 
hysteresis loop on its lasing threshold [62]. The injection of the data signal in the 
saturable absorber section switches the bistable laser on and off according to the digital 
data signal [61]. This device also performs wavelength conversion at the same time as 
signal regeneration [61, 63]. Although this device is attractive for performing the all- 
optical signal regeneration at once, skipping the clock recovery step, it has speed 
limitations. The maximum data signal frequency is limited to the relaxation frequency 
of the bistable laser [63] and the demonstration of signal regeneration has been limited 
to data signals at maximum rate of 1 Gb/s, so far [61]. Due to its limitation it is unlikely 
that this technique will be able to deal with signal rates far beyond a few tens of Gb/s.

This section is concerned with the design and fabrication of a monolithic 
semiconductor T-junction colliding pulse mode-locked (T-CPM) laser and the proposal 
of its application as an all-optical clock recovery device [64]. The device consists of a 
CPM laser which has an extra waveguide crossing the laser one in the saturable 
absorber section, as shown in figure 5.5.1. This extra waveguide in side-injection 
configuration guides the signal from which the clock is to be recovered to the saturable 
absorber section of the CPM laser, in a similar configuration to the SILC-BLD device 
discussed above. The side injection waveguide is electrically pumped to provide optical 
amplification on the signal before it reaches the absorber section. To achieve clock 
recovery this signal should contribute to the saturation of the absorber section of the 
CPM laser, synchronising its saturation with the injected data signal. If the CPM laser 
cavity length corresponds to a repetition frequency equal to (or an integer multiple of) 
the signal frequency, then mode-locking should occur and the T-CPM laser output 
would be the recovered clock signal. Therefore this device should be able to recover 
high speed clocks, above 100 GHz, with near transform limited pulses typical of mode- 
locked lasers.

Figure 5.5.1-a shows a diagram of the T-CPM laser with its 2 waveguides and 3 
different sections, and figure 5.5.1-b shows a scanning electron micrograph of the 
fabricated device. The T-CPM laser is fabricated on a GaAs/AlGaAs four quantum well 
material. The strip-loaded waveguides are 3 \im  wide and are fabricated by standard 
photolithography and SiCU dry etching technique. The details of material structure and
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fabrication technique are given in Chapter 3. The only difference in the fabrication of 

this device from CPM lasers is at the cleaving stage. Because of the waveguide 

configuration, every side of the device must be cleaved, rather than sawn, to ensure 

good facet profiles at waveguide ends.

(a)
Saturable absorber section

Amplifier section

Laser gain section

(b)

Figure 5.5.1: Diagram (a) and scanning electron micrograph (b) o f  the T-CPM laser.
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As a first characterisation step, the CPM laser operation of the device is tested. 

Its laser cavity length is 430 fim, the saturable absorber section is 20 pm long and the 

amplifier section is 380 pm long. The separation gaps between sections are 10 pm long. 

Figure 5.5.2 shows the optical spectrum of the T-CPM laser for a gain section current of 

46 mA and an absorber section reverse bias of 0.9 V. The threshold current of the laser 

is 30 mA. The separation between the two main modes is 0.44 nm, which is twice the 

ordinary longitudinal mode separation (0.22 nm) of the 430 pm long cavity. It indicates 

CPM operation, as described in section 5.1, at 175 GHz repetition rate. The time 

domain characterisation technique was not available at the time of these measurements. 

Later S. D. McDougall obtained time domain characterisation of T-CPM  lasers [64] 

with the linear cross-correlation technique described in Chapter 4. He also obtained a 

second harmonic autocorrelation trace of a T-CPM  laser. Figure 5.5.3 shows the 

nonlinear autocorrelation trace (a) and the optical spectrum (b) of a 450 pm long 

T-CPM  laser operating in CPM regime. Figure 5.5.3-a and b also show a perfect 

Gaussian fit to the experimental data. He obtained a deconvolved pulsewidth of 1.05 ps 

(deconvolution factor is 1.41 for Gaussian pulses) at 169 GHz repetition rate, with a 

time-bandwidth product of 0.436, which is very close to the transform limited value of 

0.441 for Gaussian pulses, indicating that the pulses are chip free [65].
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Figure 5.5.2: Optical spectrum o f the T-CPM laser with no side-injected signal. Gain 

section current is 46 mA and saturable absorber section reverse bias is 0.9 V.
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Figure 5.5.3: Second harmonic autocorrelation trace (a) and optical spectrum (b) o f a 

450 pm  long T-CPM laser operating in CPM regime. Dark lines indicate experimental 

data and grey dashed lines represent a Gaussian f i t  to the pulse train and spectrum  

envelop (with permission o f  S. D. McDougall [65]).

The work towards the demonstration of all-optical clock recovery operation of 

this device has not been performed here. It will be the subject of a Ph.D. thesis by S. D. 

M cDougall [65]. Therefore, in conclusion, this section describes the design and 

fabrication of a colliding pulse mode-locked laser based device which is intended to 

execute all-optical clock recovery at repetition rates above 100 GHz. Preliminary 

testing of the device showed standard CPM operation at 180 GHz. Lower repetition 

rates, for near future applications, may be achieved with the use of a monolithic 

extended cavity laser configuration fabricated by a quantum well intermixing technique 

[66, 67], The use of long wavelength (1.3 and 1.5 p,m) sem iconductor material to 

fabricate the device is also a future goal, in order to make use of the full capability of 

optical fibres.
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5.6 - Conclusions
This chapter comprised the description of the design and the characterisation of 

five different configurations of monolithic passive colliding pulse mode-locked lasers 
that have been fabricated. Firstly, in section 5.1, the results from a standard 
configuration of CPM laser are presented. These were the first published results on 
monolithic CPM quantum well laser at short wavelength, i. e. GaAs/AlGaAs based 
material. The obtained frequency domain evidence of mode-locking at repetition rates 
in the range of 73 to 129 GHz were confirmed by streak camera measurements. It also 
presented a previously unseen output laser polarisation dependence with the applied 
reverse bias to the absorber section of the laser. The generation of TE and TM polarised 
light from the CPM laser may have been caused by a combination of effects. Among 
other possible effects discussed in section 5.1, the dichroism of quantum well layers has 
been studied from polarisation dependent optical transmission spectra.

Section 5.2 was dedicated to the description of design and operation 
characteristics of a novel configuration of CPM laser. This multi-section device can 
have up to 3 monolithically integrated saturable absorber sections in the cavity, 
inducing the laser to operate at up to the fourth harmonic of the repetition rate, in what 
was described to be the multiple colliding pulse mode-locking (MCPM) regime. This 
was the first observation of geometry dependent change of harmonics in mode-locked 
lasers. The different regimes of operation of the MCPM laser were investigated, 
comprising single mode, multimode, Q-switched and first to fourth harmonic mode- 
locking, generating pulses of 1 ps width at up to 375 GHz repetition rate. From studies 
of the range of mode-locking at 240 GHz, it was found that the mode-locking occurs at 
two distinct regions of current and reverse bias. This previously unseen feature may 
represent an indication of the contribution of excitonic nonlinearities to the ultra-fast 
operation of the device. A more comprehensive study of these effects is necessary to 
confirm these indications.

Section 5.3 was concerned with the design and characterisation of a monolithic 
CPM ring laser which has two saturable absorbers in the cavity. Frequency domain 
measurements indicated mode-locking operation at 28 GHz repetition rate. The use of a 
second saturable absorber in the cavity has proved to improve the mode-locking 
operation of the device, obtaining shorter pulses and more stable operation. Time 
domain measurements are still to be carried out to obtain pulse width and confirmation 
of the repetition rate.

Section 5.4 presented an attempt to achieve high peak power CW-mode-locking 
operation from a CPM laser whose gain section waveguides are tapered, in the so called 
CPM bow-tie laser. The full characterisation of this device was not performed since it 
presented serious reliability problems concerning its high power CW operation. Over
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100 mW average power under CW operation has been achieved, but very rapid device 
degradation and decrease of output power have been observed. Improvements on device 
design and fabrication, such as the use of reflecting coatings on the facets among 
others, are needed to avoid facet damage and extend the device lifetime.

Section 5.5 was dedicated to the design and development of a CPM laser based 
device which is intended to perform clock recovery at high repetition rates, above 
100 GHz. This device consists of a standard CPM laser which has an extra waveguide 
in side-injection configuration. This extra waveguide amplifies and guides the optical 
signal from which the clock is to be recovered to the absorber section of the laser. 
Preliminary characterisation and tests showed that the CPM laser part of the device 
works as a standard CPM laser, as expected. The full characterisation of the device and 
the demonstration of clock recovery is currently a subject of research in the 
optoelectronics group at Glasgow University.
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Chapter 6: Summary and Conclusions

This chapter presents a summary of the more important aspects of mode-locked 
quantum-well lasers that have been studied in this thesis and gives the general 
conclusion to this project, as well as some prospects for future work.

Chapter 1 introduced the thesis into the context of the development of 
optoelectronics and optoelectronic integrated circuits. This introduction chapter gave a 
general outlook on quantum well structures and lasers, methods of short pulse 
generation from diode lasers including gain-switching, Q-switching and mode-locking, 
and their applications in telecommunications, optical computing and optoelectronic 
measurement systems.

Chapter 2 has reviewed the principles and the physics involved in the mode- 
locking process, with particular emphasis on passively mode-locked semiconductor 
lasers. The different methods, configurations and design considerations to achieve 
mode-locking in semiconductors have been discussed, specially for the passive 
colliding pulse configuration, which is the main subject of investigation in this thesis. 
The current trends in the development of monolithic mode-locked semiconductor lasers 
were presented as a prelude to the subsequent chapters. These trends are the pursuit of 
high peak power emission, ultra-high-speed operation (above 200 GHz) for future high 
capacity TDM systems, low speed operation (below 30 GHz) for near future 
applications and multi-functionality in multi-sectioned integrated devices.

The techniques for fabrication of monolithic mode-locked laser devices, from 
wafer scribing up to laser packaging, have been developed and were described in 
Chapter 3. It is a relatively elaborate fabrication process since it involves three 
photolithographic steps, two dry and five wet etching processes, and three metal and 
one dielectric layer deposition process, besides laser cleaving, mounting and wire 
bonding. Three important aspects of the design and fabrication of monolithic 
semiconductor mode-locked lasers should be highlighted here, which are the electrical 
isolation between sections, the adhesion of the top metallic contact to the silica and 
semiconductor material, and the final laser cleavage. The electrical isolation between 
sections depends on the doping level and thickness of the top contact and upper 
cladding layers, and the distance between sections. A poor isolation allows current 
leakage from the gain to the absorber section, decreasing the efficiency of the reverse 
bias on the absorber. In more general terms, a good electrical isolation between sections 
diminishes the interdependence of different sections of the device. The isolation can be 
improved by removing material from the gap between the section using an etching 
process. 1.5 k£2 isolation was found to be sufficient for the operation of the mode- 
locked semiconductor lasers.
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The adhesion of the metallic contact to the silica as well as semiconductor 
materials is an important issue because it affects the electrical and mechanical 
properties of the contact, and it is specially important when wire bonding is needed. The 
adhesion depends on several factors including the sample cleanness, cleaning 
procedure, metallic alloy used as contact and post-evaporation procedure. As described 
in Chapter 3, to achieve the best performance of the metallic contacts several 
proceedings were taken, including the use of a deoxidising etch before contact 
evaporation, the use of a de-gas procedure before evaporation, the use of NiCr/Au p- 
type contact, and the use of other cleaning processes rather than with ultrasonic. 
Another important process that affects the contacts is thermal annealing. It was found 
that the usual temperatures used for annealing the contacts (above 250°C) deteriorate 
the adhesion of the metal to the silica layer underneath it. The annealed contact peels off 
when wire bonding is tried. However, electrical tests showed that the non-annealed 
lasers have a typical dynamic resistance of 20 £2. Although lower resistances can be 
achieved with other contact recipes and annealing, the one used with no annealing 
seems to be the best compromise in terms of the electrical and mechanical properties of 
the contact. Future studies of new metallic contact recipes and other wire bonding 
processes should lead to improvements on the dynamic resistance and contact adhesion.

Accurate cleavage of the end facets of Fabry-Perot cavity mode-locked lasers is 
crucial for their operation, specially for CPM lasers. The cleavage defines the cavity 
length and therefore the repetition rate of a mode-locked laser. In CPM lasers it also 
defines the position of the absorber section in the cavity in relation to the facets, which 
affects the laser operation. The introduction of a cleavage marking technique, which 
determines the cleavage point and cavity length from marks defined by 
photolithography on the laser, along with the use of a special microscope set-up with 
top and side views of the scriber edge, represent a considerable improvement on 
reliability and accuracy of the laser cleaving process. It dispenses with the use of a 
micrometer for cavity length measurement and scriber positioning, which introduces 
the inaccuracy.

The fabrication technique developed for mode-locked lasers and described in 
Chapter 3 is simpler and of lower cost than for the buried heterostructure used by other 
authors, since it does not involve any regrowth process. The semiconductor material 
characterisation technique and the stripe-loaded waveguide structure used were also 
discussed in Chapter 3.

The testing and characterisation of the mode-locked lasers are performed in a 
test set-up which consists basically of an optical power metre, an optical spectrum 
analyser, and a linear correlation interferometer, and were described in Chapter 4. The 
linear cross-correlation method for time domain measurement uses a Michelson 
interferometer to scan a pulse through itself and its neighbours in a train of pulses,
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obtaining pulse width, repetition rate and coherence length of the laser. This technique 
detects the mixing signal between light from each arm of the interferometer at a low 
speed photodetector and it does not employ second harmonic generation. The mixing 
technique employing a lock-in amplifier and 2 choppers (one in each arm of the 
interferometer) removes the dc level generated by the direct detection of light from each 
individual arm of the interferometer. Therefore only the pulse overlapping interference 
signal is detected. However, this linear method has limitations concerning pulsewidth 
measurements. The limitation of the technique consists of its insensitivity to the effect 
of frequency chirp on pulses. However it is reasonable for these lasers because there has 
been no evidence of significant chirping from monolithic CPM lasers, and 
measurements found in the literature have generally indicated transform limited pulses. 
Although the more commonly used method for short pulse characterisation is the 
nonlinear autocorrelation by second harmonic generation (SHG), the linear correlation 
is attractive for characterisation of mode-locked semiconductor lasers since these 
devices generally generate low optical powers, which makes SHG autocorrelation more 
difficult in practice. Besides, it is simpler and of lower cost to implement and easier to 
align. Moreover, a detailed study of short pulse structure is out of the scope of this work 
since it involves more sophisticated measurement schemes than correlation methods. 
Nevertheless the implementation of the SHG autocorrelation technique by S. D. 
McDougall in Glasgow University has recently shown that the pulses generated by 
monolithic passive CPM quantum well lasers are transform limited, corroborating the 
results from the linear correlation measurements.

Chapter 5 described the work performed on the design and the characterisation 
of the five different configurations Of monolithic passive colliding pulse mode-locked 
lasers that have been fabricated. Firstly, the results from a standard configuration of 
CPM laser were presented. These were the first published results on monolithic CPM 
quantum well laser at short wavelength, i. e. GaAs/AlGaAs based material. The 
evidence of mode-locking at repetition rates in the range of 73 to 129 GHz obtained 
from frequency domain measurements was confirmed by streak camera measurements. 
It also presented a previously unseen output laser polarisation dependence with the 
applied reverse bias to the absorber section of this laser. The generation of TE and TM 
polarised light from the CPM laser may have been caused by a combination of effects, 
including the inherent dichroism of quantum wells under electric field, possible damage 
of the saturable absorber section due to high reverse current, and possible strain in the 
active layer caused by some defect induced lattice mismatch between epitaxial layer 
and substrate. Further experimental as well as theoretical work is necessary to find out 
which effects are responsible for the TE-TM polarisation emission observed.

Chapter 5 also described the design and operation characteristics of a novel 
configuration of CPM laser, the multiple colliding-pulse mode-locked (MCPM) laser.
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The MCPM laser has a contiguously electrically connected gain section and 3 separated 
sections placed at every quarter of the cavity length. Each of the 3 sections is 
separately electrically addressable and when reverse biased it behaves as a saturable 
absorber and when forward biased as a gain section. Therefore, this multi-section 
device can have 1, 2, or 3 monolithically integrated saturable absorber sections in the 
cavity, inducing the laser to operate at the first up to the fourth harmonic of the 
repetition rate. This was the first observation of geometry dependent switcheable 
change of harmonics in mode-locked lasers. The different regimes of operation of the 
MCPM laser were investigated, comprising single mode, multimode, Q-switched and 
first to fourth harmonic mode-locking, generating pulses of around 1 to 3 ps width at up 
to 375 GHz repetition rate. The laser is versatile in the sense that its operation can be 
switched depending on the electrical bias applied to each of its 3 independent sections, 
changing the position and number of saturable absorbers in the cavity. From studies of 
the range of mode-locking at 240 GHz, it was found that mode-locking occurs at two 
distinct regions of current and reverse bias. This previously unseen feature may 
represent an indication of the contribution of excitonic nonlinearities to the ultra-fast 
operation of the device. The indication is that the two regions correspond to the 
contribution of fast bleaching and recovery of light and heavy hole excitons. The fast 
saturable absorption dynamics of quantum wells, known to be of approximately 300 fs, 
may be responsible for the fast component of saturable absorption necessary for mode- 
locking operation at 240 GHz. A more comprehensive study of these effects is 
necessary to confirm these indications.

The third configuration of mode-locked laser described in Chapter 5 is a 
monolithic CPM ring laser. This ring laser has two saturable absorbers in colliding 
pulse configuration in the cavity. The ring cavity has a "race-track" configuration, with 
two semicircles where the two absorber sections are placed, and two strait sections, one 
of them having a MMI coupler to an output waveguide. Frequency domain 
measurements indicated mode-locking operation at 28 GHz repetition rate. The use of 
two saturable absorbers in colliding pulse configuration in the ring cavity showed 
improvements on the device operation. With two absorbers, the laser produces shorter 
pulses and more stable operation than with only one absorber section. Time domain 
measurements are still to be carried out to obtain pulse width and confirmation of the 
repetition rate.

Chapter 5 also presented an attempt to achieve high peak power CW-mode- 
locking operation from a CPM laser which gain section waveguides are tapered, in the 
so called CPM bow-tie laser. The double-tapered waveguide, narrow at the absorber 
section in the middle of the cavity and wider at the faces, should increase the saturation 
energy of the gain sections of the laser, allowing high power short pulse generation. 
The full characterisation of this device was not performed since it presented serious
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reliability problems concerning its high power CW operation. Over 100 mW average 
power under CW operation has been achieved, but very rapid device degradation and 
decrease of output power have been observed. Indications of CPM operation at low 
powers from the optical spectrum of the laser emission were observed. However, 
improvements on device design and fabrication, such as the use of reflecting coatings 
on the facets among others, are needed to avoid facet damage and extend the device 
lifetime before high power CW CPM operation is to be achieved.

The last section of Chapter 5 was dedicated to the design and development of a 
CPM laser based device which is intended to perform clock recovery at high repetition 
rates, above 100 GHz. This device consists of a standard CPM laser which has an extra 
waveguide in side-injection configuration. This extra waveguide amplifies and guides 
the optical signal from which the clock is to be recovered to the absorber section of the 
laser. To achieve clock recovery this signal should contribute to the saturation of the 
absorber section of the CPM laser, synchronising its saturation with the injected data 
signal. Therefore the CPM laser output would correspond to the recovered clock signal. 
Preliminary characterisation and tests showed that the CPM laser part of the device 
works as a standard CPM laser, as expected. The full characterisation of the device and 
the demonstration of clock recovery is currently a subject of research in the 
optoelectronics group at Glasgow University.
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Appendix 1: General Equations for the Linear Correlator

The complex electric field E(t) of the laser output emitting into k longitudinal 
modes is written as:

E(0 =  X  ’ exP tM *  + M (* )l (A1)
k

where Pk(t) is the light power and tpk(t) is the phase of the lasing mode emitting at 
the wavelength A* = 2nd(ss^. Therefore the output intensity of the laser is:

/(f)<*/’(t) = |E (0 |2 (A2)

The output of an interferometer, where the signal is delayed in one of its arms
by x is:

Et (t) = A[E(t) + E(t -  T)] (A3)

where A is a constant (A is 0.5 for a Michelson interferometer). Therefore the output 
power is:

PT(t,r) = A2{ |£ (f)f+ |£ (< -r) |2+2R e[E(f)-£ '(<-T)]} ' (A4)

The average power <PT(t, x)>, hence involves the first order correlation function of the 
field.

(E(t) ■ E ' ( t -  t))  = |  E(t) ■ E’( t -  r)dt = G(1)( t)  (A5)

,  ̂ (E(t) ■ £ '( ,-* ))

nm‘ fat) <A6)

The classical coherence time is related to 7e(x) as:

h = J | r E(T)|2̂  (A7)

Assuming a stationary emission of the laser, i.e.
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(!£ « # ) = ( |E ( f- f ) |2) (A8)

the average transmitted power can be written as:

(Pr (t, r)) = 2A2(|£(f)|2){l + Re[rE(T)]} (A9)

Calculating 7fe(x) using equations A6 and A1 one can obtain

\ X V p.W • P,(<-  f) • exp[yr(<u„ + kAm)+ jA<pk(t,T)]\ 
r £(^) = — ------------------------ 7 v---------------------------L (A10)

( H
where cok = g>o + kAco, k = ±0, ±1, ±2, ..., and A<pk(t, x) = cpk(t) - (Pk(t-T). The 

interference between different modes is not being considered since it yields very fast 
(=100 GHz) oscillations in time, which wouldn't be detected by a photodetector.

Assuming that the amplitude is not time dependent (i.e. Pk(t) = Pk(t-x) = Pk), 
which only imply that amplitude noise is not being taken into account, one can obtain 
the expression

exp[y©0 t ]  • X  Pt  • exp[;'fcAo>r] • (exp[;Apt (t, t)])

/ ,( * )  = ----------------4----------Y p ---------------------------- (A11)
k

Using equations A9 and A l l a  general expression for the average output power 
can be obtained:

(PT(t, t))  = 2A2 + cos(Q)0t)  • • cos(^Aox) • Re^expfy'A^Cr, x)])}| (A12)

For the sake of comparison with the experimental results the equation A12 is 
written in the same form as the results are measured: with the dc level removed and then 
applying the absolute value to it, in arbitrary units, with 2A2 = 1.

(PT(t,r)) = cos(fi)0T) • X  ' cos(fcAtDT) • Re{(exp[yApt (f, t)])} (A13)
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To evaluate the mean value (&xp[jA(pk(t,T)]) in equation A13 the probability 

density distribution p(Acp) is required.

(exp(/A<pt ))=  I  p(&ipk)- expO'Aft )cl{A(pt ) (A14)

Since the phase changes Aq> are introduced by a large number of independent noise 
events due to spontaneous emission, A(p may be considered to follow a Gaussian 

probability density distribution.

exp(-A(pt2/2(A pt2))
P(A<P*) = ------—l— . ’ (A 15)

p7t(A<pk2)

Yielding from equation A 14

(expOA<pt )) = exp^-|(A«pt2) j  (A16)

Assuming that the variance of the phase change increases in proportion to the delay 
difference (Ag>k2) <*\i\ , i.e. the phase correlation decreases with increasing delay, and

using the equation A7 for tc one can obtain

(a <P*2) = 7-M (Al7)

where tc is the coherence time, the time at which the r.m.s. phase change 

^ A (p k2) =V2 radians. It implies that the spectral distribution of mode k has a

Lorentzian line shape.
Therefore equation A16 is written as

(expIjA ^ (r, t)]) = exp(-|i|/fc) (Al 8)
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