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Abstract

The research described in this thesis relates to the design, fabrication and testing of
novel semiconductor-based light sources that have been designed for the generation of
infra-red light. The thesis is formatted to account for two distinct components of my
work, where the first part concerns sources producing coherent light by direct laser
emission, notably, ultrashort-pulse quantum-dot lasers. These types of lasers continue
to show considerable promise as efficient, compact sources of ultrashort pulses with
durations of hundreds of femtoseconds, while giving rise to unique and interesting
electronic properties such as low lasing threshol ds through the quantum nature of their
density of states.

At the outset a study of the most relevant aspects of the lasing dynamics of an
optically pumped quantum-dot laser is outlined. Pumping of the device with intense
discrete optical pulses leads to output from multiple electronic states, each having a
characteristic wavelength and temporal properties. | show that pulses produced by
excited-state emission have shorter durations (24 ps) and arrive earlier in time than
those due to transitions from the ground state, which themselves have durations of
around 180 ps. Investigations are then made on two different mode-locked quantum-
dot laser systems. Oneis an all-quantum-dot external-cavity laser that is mode |ocked
using a quantum-dot SESAM device a a repetition frequency of
860 MHz with output power approaching 20 mW. This is followed by a study of a
monolithic two-section quantum-dot laser that is mode locked stably in a wide
temperature range of 20°C to 70°C. The excellent performance characteristics
presented serve to demonstrate both the versatility of quantum-dot material as
components in mode-locked laser systems and the temperature stability of such laser
devices.

The second part of the thesis relates to structures that are designed to take advantage
of nonlinear frequency conversion in GaAs-based semiconductors. This materia
system possesses a nonlinear coefficient of ~170 pm/V and is transparent from around
0.9 um through to 17 um, making it attractive for the realisation of a new class of
efficient, integrable, quasi-phase-matched, optical parametric oscillator devices.
Initialy, ion implantation is utilised as a vector to create a periodically-switched
nonlinear ridge waveguided device. The observation is made that in the course of

implantation the transmissive properties of the device are severely degraded.
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Unfortunately, the high losses incurred, which reached 250 dB/cm, could not be
removed without aso destroying the modulation in nonlinearity.

During the course of this investigation, significant technological advances were made
on the production of orientation-patterned GaAs structures. By recognising the
elegance and potential of this new orientation-patterned (OP) methodology, a study of
itsimplications and applicability in the context of my project isinitiated.
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Chapter 1 Introduction

1.1 Background

An impressive amount of optoelectronic devices are in use in the modern world. The
fact that they are ubiquitous bears strong testimony to both their versatility and
reliability. It is because of these virtuous qualities that mankind and equipment based
on optoelectronic technology have become inexorably linked. Indeed, to compile a
list of instruments, used even in a domestic capacity, that contain optoel ectronic-based
components would be an exhaustive, lengthy process. From somewhat trivial
applications such as the light emitting diodes used in household appliances through
laser diodes used in CD players to globe-spanning pieces of technology such as the
internet, optoelectronic devices contribute to the lives of people in many ways each
and every day.

Optodlectronics is defined as the basic physics of light and matter and their
interactions [1], whether in a specific device or in a more general context. A large
amount of study in the last 50 years or so has led to an explosion in this field with
significant milestones being the development of the p-n junction [2], the laser [3] and
more recently the growth of fibre optic communications and biophotonics.

The research undertaken in this project is a continuation of earlier work done
in the Microphotonics and Ultrashort-Pulse Laser research groups at the University of
St Andrews. The Microphotonics group is concerned with the fabrication of structures
on scales ranging from several nanometres to several micrometres. These structures
are applied in areas such as photonic crysta research and biophotonics. The
Ultrashort-Pulse Laser research group is involved in the development and
characterisation of mode-locked laser systems that operate over a wide spectral range.
These lasers are often developed with telecommunications or time-resolved

spectroscopic applications in mind.



1.1.1 Optoel ectronic sources

The application and further development of modern technology requires many
different light sources that exhibit various properties. Applications as diverse as
remote sensing, medical research and telecommunications have rather different
requirements, so the light sources used in these different areas should accommodate
these requirements via differing characteristics. In spectroscopic applications, the high
degree of spectral purity inherent to a narrow linewidth source is a necessary feature
[4]; the operating wavelength is also of great importance depending on the absorption
or scattering properties of the sample to be analysed.

In the case of the lasers used in commercia CD players, small size,
efficiency, reliability and low manufacturing costs are the key factors. This of course
Is why semiconductor diode lasers are so well suited to this particular application.
Hence, if we consider the myriad of possible characteristics that sources should
exhibit, it is not surprising that there exists a plethora of research into sources
throughout the electromagnetic spectrum. Figure 1.1 shows a green laser pointer
device which is an example of a compact optoel ectronic product combining much of
the physics pertinent to my project. This device has ferroelectric crystals at its core
whereas my project specifically exploits semiconductor media as a base material.
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Figure 1.1. Green laser pointer consisting of a frequency doubled diode-pumped solid state laser and nonlinear
crystal. Image taken from  http://www.repairfaq.org/sam/laserdio.htm



This thesis comprises two main parts; the first half concerns ultrashort-pulse
semiconductor lasers where | studied the fundamental physics of compact,
low-threshold quantum-dot semiconductor material and its utilisation as a gain
material in a mode-locked laser configuration. Study of the fundamental material
properties was performed by the investigation of the transition dynamics of an
optically pumped quantum-dot (QD) laser. The unique three-dimensional carrier
confinement in quantum-dot material, produces discrete electronic states with distinct
spectral and temporal characteristics. This knowledge is then applied to two mode-
locked QD laser systems. In quantum-dot material, broad gain bandwidths and
ultrafast carrier dynamics allow the generation of ultrashort pulses. | managed to show
that in a quantum-dot laser, lasing transitions from different electronic states happen
on different timescales. | then demonstrated mode-locked operation from an all-
quantum-dot external cavity laser. In a separate investigation, | showed stable mode
locking over a wide operating temperature range in amonolithic QD laser.

The second part of my thesis concerns the use of the nonlinear y* properties
of semiconductor material. Novel GaAs-based quasi-phase-matched structures were
designed, manufactured and tested. The use of semiconductor material for this
application type paves the way for a new class of low threshold waveguide based
optical parametric oscillator (OPO) system operating in the infra-red region of the
spectrum. Here | investigated a system based on periodic switching of y* and another
based on orientation-patterning.

Integration of a quantum-dot pump source with a semiconductor frequency
conversion structure could result in a very compact, highly efficient device which
would be a milestone in the development of mid-infra-red sources. While the
fabrication of an entirely monolithic device is perhaps beyond what can be currently
achieved with semiconductor processing, other, less demanding integration schemes
are possible (for example a pump source could be butt-coupled to a nonlinear
waveguide structure). Before this can be done, it is important to understand the

physics of the individual components allowing optimisation of their performance.



1.2 Direct laser emission — Ultrashort-pulse mode-locked

guantum-dot lasers

Semiconductors are excellent candidates as laser gain materials, capable of
producing light over a large range of wavelengths depending on which of the many
possible material configurations are implemented. These range from sub-400 nm
wavelength emission for GaN-based devices to the mid-and far infrared for quantum
cascade devices. In comparison with other laser materials, semiconductor lasers are
typicaly several orders of magnitude smaller and are mainly monolithic electrically-
pumped devices. It is these types of lasers, operated in pulse regimes around 1.3
microns that were investigated as part of thiswork. The gain materia is based on self-

assembled quantum dots.
1.2.1 Uses of ultrashort-pul se quantum-dot lasers

Optical communications

Since the 1990s, optical technology has become increasingly important in the
areas of telecommunications and more recently in data communications due to the
tremendous growth enjoyed in this area over the last ten years or so. Modern systems
incorporate lasers that are used to transmit pulses of light through optical fibres in
preference to conducting electrical signals in copper wire. The use of light as a
transmission vector allows for faster transmission speeds due to the bosonic nature of
photons. These pulses are encoded in a digital pattern which is used to represent bits
of data.

Wavelength division multiplexing (WDM) involves combining severa signals
at different wavelengths into one amalgamated signal for sending. This signal is then
broken apart into its constituent signals at the receiving end and each segment
decoded in turn. WDM allows the sender to transmit the information at a far higher
rate than is possible with a single bit stream since in theory, the maximum rate
obtainable from a multiplexed system will be equal to the maximum single channel

rate multiplied by the number of channels. Here, the inhomogeneously broadened



emission bandwidth of QD lasers could be exploited to allow multiplexed channels of
data comprised of many different bit streams[5].

An dternative scheme operating in the time domain is referred to as optical
time divison multiplexing (OTDM). In this scheme, severa lower repetition
frequency signals are joined together by the use of variable delay lines, again to form
a composite signal containing al the information of the others. This can then be
transmitted as a single very high repetition frequency signal using the one
transmission line and then split up back into its constituent parent signals after
receiving. Quantum-dot lasers could be particularly well suited to this application
because their inherent short cavity length allows them to be incorporated in high
repetition-rate schemes. Low jitter is aso an advantage here as it allows improved bit
error rates.

These endeavours are undertaken in order to improve the amount of data that
can be transmitted with an optical fibre. A large volume of work has been done on
devel oping wide emission bandwidth laser sources operating in telecoms windows of
1.3 um and 1.5 um. Silica optical fibres have low loss and low dispersion at these
wavelengths, sources were therefore devel oped to capitalise on this. As we see below
in figure 1.2, the optical fibre exhibits its lowest propagation losses at around 1.5
microns. At 1.3 microns the fibre exhibits zero dispersion, a criterion ensuring that
pulses of light propagating down the fibre undergo minimal broadening in the
temporal domain. A specific advantage of QD lasers at 1.3 um is that unlike
guantum-well (QW) lasers, they can be grown in GaAs as opposed to InP, avoiding
the problem of Auger recombination [6]. An additional advantage of diode lasers in

thisareaistheir inherent simplicity and robustness.
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Figure 1.2. Dispersion and loss of silica-based optical fibre

Recently, OFS optics have pioneered the development of what they describe
as‘AllWave' fibre. Conventional silicafibre displays increased loss between 1300 nm
and 1400 nm due to OH" absorption. However, improvements in manufacturing
technology alows AllWave fibre to exhibit a flat low-loss profile from 1280 nm to
1625 nm with no increased |oss between 1300 nm 1400 nm. This improvement allows

the potential to expand the capacity of optical networks[7].

Biophotonics

Another important application of pulsed lasers is in the area of biophotonics.
Ultrashort pulses have been used, for example, to transfect DNA into living cells [8]
and to cause two-photon ablation of biological tissue [9]. This type of application is
becoming more commonplace as scientists realise the possible ways in which short
pulses of light can be used to study biological processes.

Another potential biophotonics-related application is the field of optical
coherence tomography. Here, a laser beam shone into tissue can be used to provide
information about its composition due to the backscattered signal. The resolution of
this technique is proportional to the bandwidth of the source of illumination. Sources
exhibiting a short coherence length are also of particular use for the same reason [ 10,
11].

In biophotonic applications, it is aso important to tailor the emission of the
laser to the properties of the medium under investigation. The absorption profile of



water makes lasers operating in the near infra-red well suited to cellular investigation.
Specific wavelengths have demonstrated advantages in terms of cell viability when
compared with others. For example, Neuman and Block state in their review of optical
trapping that 830nm and 970 nm [12]. In this work viability was quantified by
measuring the cloning efficiency of E.coli and Chinese hamster ovarian cells after 5
mins trapping as a function of wavelength. While these wavelengths are not possible
in the quantum-dot system | studied, other types of semiconductor laser can readily
produce these wavel engths.

Currently, solid-state and fibre lasers dominate these types of applications
since they satisfy the power, bandwidth and coherence length criteria. Mode-locked
quantum-dot lasers with their small size and inexpensive manufacturing costs could
allow for the creation of biophotonics systems with reduced complexity, size and cost.
While quantum-dot lasers currently struggle to match the peak power and bandwidths
available from their solid-state counterparts, the continued development of techniques
such as chirped-pulse amplification and engineering of the inhomogeneous
broadening of QD material could allow these systems system to become competitive
[13, 14].

Recently, QD lasers operating in a continuous wave configuration were
integrated with microfluidic channels to create an integrated optical trap for the study
of biological matter [15]. Using radiation pressure from the laser beams, cellular
material was manipulated and subsequently interrogated. The QD laser system was
intrinsically aligned for optimal trapping allowing a layperson to use the system with
minimal training. Thisisin contrast to macroscopic optical trap systems which require
skilled laser experts to operate and maintain. The system was aso very small in size
and the low numbers of components mean that it would be cheap to mass produce.
Whilethisis not a specific example of pulsed laser implementation, this type of small-
footprint, turn-key operation is one of the key advantages of diode lasers in

biophotonics applications.

Optical switching and datacomms

Ultrashort-pulse quantum-dot lasers can be utilised in a variety of applications

in optically interconnected systems. As modern technology demands ever faster

switching capabilities and processing speeds in CPUSs, electronic means are struggling



to keep pace. For example, current CPUs are clocked at around 2-4 GHz and are
preferentially employed in dual core configurations since it is easier to link two
slower processors together than construct one faster element [16]. The high repetition
rates and short pulse durations coupled with the small footprint of QD lasers could be
of enormous advantage in these areas. Small, electrically-pumped quantum-dot lasers
could be used, e.g. for generating and distributing the clock around an electronic

microcircuit.

1.2.2 Mode-locked lasers

Despite the many ways of generating short pulses from a laser, such as Q-
switching or gain switching, the technique of mode locking is the only currently
available method of producing ultrashort (femtosecond) pulses directly from a laser
without external compression. These methods will be discussed in further depth in
Chapter 2 with a specific emphasis on mode locking and the factors that influence it.

For now | will define the features of a mode-locked laser and introduce the
parameters that play an important role in pulse shaping. Thiswill enable a comparison
of the different ultrashort pulse mode-locked laser systems currently available and
how these pulse defining characteristics apply to each laser system. More importantly,
it will help to identify differences between various laser systems and provide valuable
insights into the optimal parameters required for the devel opments of the quantum-dot

|asers described in this thesis.

Requirementsfor mode locking

In addition to the usual laser requirements of alaser gain medium - optical feedback
and some mechanism to pump the system, a mode-locked laser requires a mechanism
to periodically modulate the loss of the laser at its round-trip frequency. In a mode-
locked laser, the longitudinal modes of the laser are forced into a fixed-phase
relationship. This results in the laser emitting a series of intense pulses separated by
the round trip time of the cavity. Passive mode locking results from the laser cavity

containing an element which responds to changes in the intensity of the circulating



laser field such that pulsed operation is favoured over continuous wave. Other
important schemes include active and hybrid mode locking. Furthermore, the
production of ultrashort pulses in the femtosecond regime requires that the gain
material and saturable absorber satisfy additional criteria.

Pulse duration is fundamentaly limited by the width of the stimulated
emission bandwidth of the gain material. A wide emission bandwidth can support
shorter pulses than one of narrower extent. Traditional solid-state sources, such as
Cr*":YAG or Ti:sapphire lasers, that generate femtosecond pulses possess emission
bandwidths that can support the evolution of pulses having durations below 30fs. In
the case of Ti:sapphire, pulse durations as short as 5 fs have been produced [17].
Quantum-dot semiconductor material can exhibit gain bandwidths that are capable of
supporting ultrashort pulses [18].

Sources of ultrashort pulses also need to have very fast acting mechanisms to
initiate pulse evolution. The Kerr-lensing mechanism used in some solid-state lasers
can be considered to be instantaneous in its response since the nonlinear focusing
effect adapts to changes in intensity immediately. In the case of lasers which use a
saturable absorber element to initialise mode locking, the absorber must recover from
ableaching event long before the next pulse arrives.

Saturable absorbers based on QD material have also been able to demonstrate
ultrafast recovery, indicating their ability to act as mode locking elements [19-21].
This has enabled absorbers based on QD material to successfully mode lock a variety
of laser systems from solid-state-based systems through fibre based lasers to
semiconductor lasers [22-24]. The size of modulation introduced to the circulating
field is aso of crucial importance to the process. The magnitude of modulation
required is related to the gain per unit length of the laser gain materia which is lower
in the case of solid-state lasers than in the case of semiconductor or fibre lasers. The
fact that QD absorbers have been utilised successfully in all three of these systems
bears testament to their versatility.

Gain narrowing aso plays a part in limiting the minimum pulse durations
obtainable from mode-locked lasers. This manifests itself because the gain lineshape
falls off faster than the atomic lineshape of the gain material due to mode competition
[25]. Intracavity spectral shaping techniques have been employed to attempt to
circumvent this problem such as the work of Delfyett et al where pulses having

durations of 250 fs were produced by means of an intracavity Fabry-Perot etalon [26].



The spacing of the etalon is fixed such that its loss profile matches the inverse of the
laser gain profile, resulting in a subsequently flat resultant gain and loss product. This
technique however, requires a significant increase in the complexity of the system.
Another key requirement of any optimised mode-locked laser is the need to
control or compensate the dispersive properties of the gain material. In semiconductor
lasers, the nonlinear refractive index is strongly dependent on the numbers of carriers
present locally in the material. Variations in this nonlinear index lead to chirping of
the pulse frequency and subsequent pulse lengthening. In the gain section of a
semiconductor laser, this chirping is positive in that the instantaneous frequency of the
pulse increases with time. This is one of the fundamental limiting factors in the
generation of femtosecond pulses from semiconductor lasers. With appropriate
dispersion compensation, chirped pulses with picosecond durations can be

compressed dramatically into the femtosecond domain [27].

1.3 State-of-the-art ultrashort-pulse lasers

Favourable characteristics such as emission bandwidth have helped establish solid-
state lasers as the most widely used sources of ultrashort pulses. The gateway to
exceptionally short pulses was the discovery of Kerr lens mode locking by Spence,
Kean and Sibbett [28]. This method has now aso been employed at the telecoms
windows through gain materials such as Cr*":Forsterite operating a 1.3 pm and
Cr*":YAG operating at 1.5 um. These have both been utilised to produce pulses in the
femtosecond domain [29, 30]. Some of the shortest pulses ever produced at optical
frequencies use solid-state lasers that have been mode locked using the Kerr lens
technique[17].

Perhaps the natural successors to Kerr-lens mode-locked systems are lasers
containing semiconductor saturable absorber mirrors (SESAMs) as mode-locking
elements. These elements are easier to implement in mode-locking regimes since
there are less stringent demands placed on cavity alignment and have been
successfully employed at both 1.3 and 1.5 microns to produce femtosecond pulses
[22, 31]. The pulses produced by these means are not as short as those available
through KLM. This is due to the difficulty in producing a SESAM which provides an

even loss modulation over the sorts of wide gain bandwidths required to equa the

10



performance of a KLM system. The durations available and increased operational
tolerance in the mode locking parameters in SESAM-based lasers however, makes

thistype of laser configuration suitable for many applications.

Ultrashort-pulse semiconductor lasers

The lasers described above are al quite large and because none is directly electricaly
pumped, the wall plug efficiency is low, typicaly below 25% [32]. Semiconductor
lasers, being small compared to solid-state lasers, offer much higher pulse repetition
frequencies but their high efficiencies really set them apart. Furthermore, a monolithic
device cannot be internally tweaked or become misaligned over a period of time,
which makes them very robust for practical implementations.

Most ultrashort-pulse semiconductor lasers prior to 2001 incorporated
quantum wells. These devices have been operated mainly in a picosecond regime
using a variety of schemes involving passive mode locking [33] and colliding pulse
passive mode locking [34] and typical pulse durations have been between 1-2
picoseconds and even less in the case of the work of Chen et al [35]. It is possible to
use QW lasers to generate even shorter pulses by incorporating an external cavity to
compress the pulses further after they have been produced. This can be done with
prisms or a grating [36] or indeed by using rather more complicated schemes to
control the precise shape of spectrafrom the laser.

In this thesis, | will concentrate on quantum-dot-based INAs/GaAs gain media
as investigated by Goldstein et al [37]. Systems based on this combination of
materials are by far the best developed of the various types of QD configurations
currently being investigated for ultrashort pulse production.

Quantum-dot laser gain material possesses material gain which can be around
one order of magnitude higher than in typical single-quantum-well laser, but a much
broader gain bandwidth due to the large inhomogeneous broadening characteristic
[13, 38]. In addition, saturable absorbers based on QD material demonstrate
saturation fluences around a factor of 2-5 times lower than similar QW based
structures . Low fluence is important for lasers with low gain. Quantum-dot material
also displays lower amplified spontaneous emission (ASE) noise than QW materid
due to the discrete nature of the electronic states [39]. ASE gives rise to increases in

pulse timing jitter because photons produced by spontaneous emission are random in
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nature and not governed by the discrete timing characteristics of a pulse profile.
Timing jitter is a particular problem in passively mode-locked devices as there is no
externa ‘clocking’ signal [40]. Improved ASE levels have thus alowed QD lasers to
display considerably lower timing jitters than those reported for the alternative QW-
based devices [41]. These factors suggest that equivalent and even potentially superior
pulse performance could be obtained from a quantum-dot laser compared to a

guantum-well device.

1.4 Quantum-dot ultrashort-pul se semiconductor lasers

Some of the subject matter in this section is extracted from the content of the review
paper recently co-authored by Rafailov et al and the thesis of M.A. Cataluna on the
topic of mode-locked QD lasers [6, 42]. The results are shown in table 1.1 below in
chronological order. Those deemed to be of particular importance are also briefly
discussed.

Severa authors have investigated passively mode-locked configurations for
QD semiconductor lasers. For instance, Huang et al were among the first to explore
this type of laser and reported the generation of 17 ps pulses which had a time-
bandwidth product of around 3, indicating highly frequency-chirped pulses [24].
Shortly after this, in 2004, Thompson et al demonstrated 10 ps pulses with a time —
bandwidth product of 0.315, indicating that the pulses from their passively mode-
locked system were transform limited [43]. This difference in time-bandwidth
product is connected to the very good balance of pulse broadening and compression
mechanisms which must have been achieved between the gain section and absorber in
the latter result.

A significant result using this type of system was obtained by Rafailov et al
also in 2004. Their system produced pulses with a duration as short as 390 fs, a
significant improvement on previous results with QD lasers. The success of this work
can be attributed to the excellent characteristics of the device, which alowed it to emit
45 mW of average power in the mode-locked regime. The resilience of the diode laser
meant that high absorber biasing conditions could be applied and the device operated
well above threshold, allowing a more thorough investigation of the interplay between
absorber and gain sections than had previously been possible [44]. The high forward
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bias on the gain section meant that a broad spectral bandwidth of 14 nm was created
(the broadest mode-locked spectrum at that time) which could potentially support
shorter pulses. The high values of reverse bias used in this work assisted in the
optimal recovery of the absorber which is an important pulse shaping mechanism.
The pulses were still dlightly frequency chirped, indicating that yet shorter pulses are
possible from similar systems. Since this breakthrough, several other groups have also
reported subpicosecond pulses with durations around 700 fs [45, 46]. These serve to
illustrate that it is possible to produce exceptionally short pulses using a simple and
self-contained device configuration.

Another important factor in the assessment of sources for ultrafast applications
Is the repetition frequency of the laser. QD lasers have shown an ability to deliver
ultrashort pulses with impressively high repetition frequencies. Currently, the highest
observed value from a simple two-section QD laser configuration under the conditions
of passive mode locking is 80 GHz [45]. Still higher repetition frequencies have been
obtained using a variation of colliding-pulse mode locking (CPM) (schemes where the
saturable absorber section is in the centre of the laser) called harmonic mode locking.
In such CPM configurations, multiple pulses circulate within the cavity and so the
repetition frequency is equal to the product of the round-trip frequency and the
number of circulating pulses. Using this technique, Rae et al mode-locked a QD laser
diode at the 6™ harmonic with a pulse repetition frequency of 238 GHz [47]. Thereis
however still has some way to go to match the impressive result of Yanson et al, who
realised a pulse repetition frequency of 21 THz from a
compound-cavity harmonically-mode-locked quantum-well device [48]

As mentioned previousy, QD lasers also have the capability to deliver
improved performance in the timing jitter. When employed in a harmonic, actively
mode-locked configuration, QD lasers have been shown to deliver the lowest timing
jitter values demonstrated by any semiconductor laser (7.5 fs) [49] and considerably
lower than is possible from a QW system in passive and active configurations. The
reason for this is the increased confinement of carriers to the dots and subsequent

reduction in spontaneous emission possible when compared to a QW device.
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Time

Laser typeand Pulse Peak Spectral . Repetition
. . ) Bandwidth Ref
Moaode locking width power bandwidth frequency
_ _ product #
configuration (ps) (mw) (nm) ) ) (GH2)
(dimensionless)
Monolithic
) 17 7 1 31G 7.4 [24]
passive
Monolithic <14.2 4 _ <278 G _
] . . . 0.8 (hybrid) . 10 (hybrid) | [50]
Hybrid/passive (hybrid) | (hybrid) (hybrid)
Monolithic
) 10 25 0.2 0.315S 18 [43]
passive
Monolithic
) . 12/7 N/A/6 0.18/NA N/A 20/35 [51]
Hybrid/passive
Monolithic
) 2 1100 N/A N/A 21 [44]
passive
Monolithic
) 0.39 3000 14 ~1G 21 [44]
passive
Monolithic
) _ 3 6 N/A N/A 20/50 [52]
Hybrid/passive
Monoalithic assive 17 57 0.86 0.27L 9.7 [53]
Monolithic
) 5.7 290 ~5 ~5 5.17 [54]
passive
Monolithic
o 7 13 0.32 054G 20 [55]
Colliding pulse
Monolithic
(flared 0.79 500 3.6 05G 24 [46]
waveguide)
External cavity
+ SOA 12 1220 31 0.69G 4.95 [56]
+ compressor
Monolithic
+ SOA hybrid 0.7 130 8.5 11S 20 [45]
Monolithic
+ SOA hybrid 3.3 26 6.5 39S 20 [45]
Monolithic
+ SOA hybrid 19 14 22 0.7S 40 [45]
Monoalithic
+ SOA passive 22 11 4.2 15S 80 [45]
Monolithic 1.3 10 14 045S 238 [47]
Monolithic 6.4 224 1.8 34 42.4 [57]

Table 1.1. Table showing state of the art in QD performance. S, G and L refer to a sech® Gaussian and Lorenzian

pulse shapes respectively.
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One interesting point of note is that the 390 fs result of Rafailov et al still
remains the shortest pulse duration achieved directly from a QD laser to my
knowledge at the time of writing this thesis. This is despite the fact that many other
researchers have investigated lasers with very similar characteristics. The precise
mechanisms leading to these very short pulses are not currently fully understood. It is
also worth pointing out that lasers exhibiting the smallest TBP do not necessarily
yield the shortest pulses given that a suitable combination of a wide emission
bandwidth and chirp control is required for optimal pulse duration.

These results confirm that a great deal more work is required to understand the
processes at work within mode locked quantum-dot lasers and implement them in the
sorts of simple monolithic configurations which best exploit their comparative
advantage. The ultimate realisation of this would be a monolithic semiconductor |aser
capable of producing pulses of the order of 100 fs. If this could be achieved and pulse
amplification techniques employed to boost the peak power, then QD lasers could be
truly competitive with existing solid-state systems in a broad range of applications.

1.5 Nonlinear optical properties of semiconductor material

The second thrust of my project concerned the use of semiconductor material for
nonlinear optical frequency conversion (NLOFC) applications in the mid infrared
where there is a relative lack of practical optical sources. NLOFC is a “parametric”
nonlinear process - a term that has been derived from electrical engineering. In
electronic parametric amplifiers, signals of differing frequency interact in a nonlinear
manner dictated by the parameters of the circuit. In the case of optical parametric
processes, the nature of the nonlinear process depends on the characteristics of the
material and of the interacting waves.

Current materials used for these processes are ferroelectric crystaline
materials such as lithium niobate (LINbO3), potassium titanyl phosphate (KTP) and
lithium tantalate (LT). These are well developed technologies implemented in many
commercial systems used in applications like scientific research and sensing yielding
high efficiencies [58] and output powers [59]. | hypothesise, however, that the

excellent nonlinear properties of GaAs which are to its large nonlinear polarisation
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response, will allow this material to be used as the basis for devices that may be

shown to be superior to those currently available.

1.5.1 Uses of nonlinear frequency conversion

As stated previously, nonlinear means are used to produce light in regions of
the spectrum where it is difficult to generate coherent light otherwise. Reliable
efficient sources are important to many types of applications. One of the principal
uses of nonlinear optical wavelength generation is in spectroscopic applications.
These demand light sources whose wavelength can be precisely matched to the
absorption resonances pertaining to particular molecular species. By variation of
materials and methods, parametric processes can deliver light with wavelengths
ranging from the ultraviol et right through to the far infrared.

This technique is central to the area of trace gas detection. Recently, Stothard
et al demonstrated a continuous wave OPO for the detection of Methane gas [60].
This system produced an output of approximately 50 mW from around 900 mW of
pumping at 1064 nm. Another application is in the detection of explosive vapours
[61]. This system operated in a pulsed configuration with pulse energies of up to 1
mJ. By directing light a a target area, small changes in transmission caused by the
presence of minute quantities of gas can be detected. These can then be compared to
known absorption spectra thus enabling identification. This could be applied for
example in a luggage scanning capacity, alowing detection and identification
potentially dangerous compounds. These systems could also be used to locate leaks in
gas pipes.
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Figure 1.3. Visible light LIDAR system used to probe the sky during strong aurora activity in Antarctica. Image
taken from http://www.aad.gov.au/default.asp?casid=2933.

Another spectroscopic application is that of light detection and ranging
(LIDAR). This can be thought of as radar but done at optical frequencies. An example
of the use of LIDAR is for aimospheric monitoring. By directing a light beam at the
sky and collecting the back-scattered signal, one can gather information on the
distribution and movement of clouds and aerosols. In addition, by employing a
differential absorption methodology (DIAL), it is possible to ascertain the nature of
the species present. This enables the monitoring of air quality, by detection of specific
molecules indicative of things such as smog [62]. Atmospheric LIDAR operates over
large distances, requiring sources delivering several Waitts of average power [63].
Other types of LIDAR such as those used for more close range analysis would require
less power to function effectively.

Like QD lasers, NLOFC is aso useful in the area of telecommunications to
alow WDM. Optical parametric oscillators (OPOs) can generate sets of equally
spaced optical frequencies in frequency combs. These combs are produced by
applying amodulated electric field to an anisotropic crystal. When polarised light then
passes through the crystal, this modulation is experienced by the light in the form of
electro-optically induced refractive index changes at a frequency equal to that of the
modulation. This amounts to a phase modulation that results in the production of a
series of frequency sidebands that are equidistant about the fundamental frequency of
the incident polarised light. The separation of these sidebands in frequency is then
equal to that of the modulated electric field giving rise to the effect [64]. This comb
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can then be used as the channels of a WDM system. Due to its complexity, this

system would be quite bulky if implemented using currently available technology.

From the above, it is clear that nonlinear frequency conversion has many
applications due to the versatility of the approach to arbitrary wavelength regimes. In
terms of scientific research, tunable parametric sources represent excellent
investments as they can be applied to many different tasks. With the use of new
materials, new wavelengths can be generated and new applications can be explored,

further enhancing the usefulness of the approach.

1.6 Semiconductor materials for nonlinear optics

Despite the success of current ferroelectric materials such as LiNbO; , there are
several reasons for considering nonlinear processes in semiconductors (GaAs), such
as transparency window, photo-stability and nonlinear conversion efficiency, typically
described by .

The second-order nonlinear susceptibility x* of a material describes how the
material develops a nonlinear polarisation under the influence of an external electric
field. This nonlinear polarisation subsequently gives rise to frequencies in addition to
that of the fundamental driving field through the coupled wave equations which are
covered in Chapter 6. GaAs has a y” coefficient of around an order of magnitude
larger than that of LiNbOj3; (d3s GaAs = 170 pm/V whereas ds3;LiNbO3=4.6 pm/V dss
LiNbO3=25.2 pm/V) [65]. The second advantage of semiconductor material relates to
the transparency range. For instance, GaAs is transparent from its band edge at
around 870 nm through to about 17 um [66]. Correspondingly, the transparency range
of LiNbO;3 lies between around 320 nm and around 4 um [67].

Ferroelectric nonlinear materials suffer from effects such as green infra-red
absorption (GRIIRA) [68]. This causes promotion of electrons to forbidden states in
the material causing degradation in performance and visible ‘damage’ to the material
in the form of a haze where the pump beam is incident. Heating of the material can
repair these effects by giving electrons sufficient thermal energy to escape the
forbidden states [69]. This technique can also be applied in real time to prevent their
occurrence [ 70-72]. This problem can also be circumvented by the use of MgO doped
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crystals [68]. Semiconductor materials do not suffer from these effects due to their
different electronic structure, but do exhibit lower damage thresholds.

An extremely important advantage of using semiconductor materia is the
inherent ability of integration, which offers the potential to realise a monolithic
frequency conversion device comprising an integrated pump laser and ‘nonlinear’
section. This goal is aided by the ability in semiconductor to fabricate waveguide
structures less than 10 um wide of high optical quality, exhibiting low losses. This
technology can be readily applied in order to produce a semiconductor based
nonlinear waveguide, providing efficient conversion due to the high intensity of light
propagating within. With these advantages it is easy to understand why there is
significant research interest worldwide in harnessing semiconductor materials for
NLOFC

1.7 State-of-the-art nonlinear frequency conversion in

semiconductors

GaAs has been and continues to be investigated as a potential nonlinear
material because of the attractive properties outlined above. It possesses some
disadvantages because GaAs is optically isotropic. This means that a simple GaAs
chip will exhibit no birefringence and hence cannot be deployed in conventiona
birefringently phase-matched arrangements. Nevertheless, form birefringence has
been exploited by several authors in GaAs systems for phase matching to overcome
the chromatic dispersion between the propagating waves of differing wavelength.
Form birefringence is created in multilayered structures consisting of layers of
material with differing refractive indices. The layering introduces anisotropy into the
structure for light polarised parallel or perpendicular to the layers. Transverse electric
(TE) and transverse magnetic (TM) modes will experience different indices such that
if the fundamental is polarised in the TE direction and the second harmonic in the TM
direction, phase matching is possible. This approach was first proposed in 1975 [73],
but practical demonstration of the technique was initially not possible due to the lack
of constituent multilayer structures possessing high enough index contrasts and
nonlinear coefficients [74]. Fiore et al [75] were the first to demonstrate nonlinear

conversion in a selectively oxidised form birefringent GaAsAlAs waveguide. The
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oxidation was performed on the AlAs sections to increase the index contrast between
these areas and those of GaAs [75]. Parametric amplification was demonstrated with
up to 80 nW of difference frequency generated (DFG) power at 1058 nm using 0.4
mW and 11.6 mW of Nd:YAG and Titanium sapphire pump power respectively. [76].
After thisinitial demonstration, several other authors also used form birefringence for
second-harmonic-generation (SHG), producing an efficiency of 1.3% and 650 uW of
second-harmonic power at 1um [77] as well as optical parametric generation (OPG)
where 4 nW from 50 mW of pump power at Ap = 1060 nm [78] were demonstrated

Modal phase matching (MPM) is another way to compensate for dispersion
and achieve phase matching. This technique utilises careful design in multimode
waveguide structures such that the differing propagation speeds of transverse modes
in the waveguide can be exploited. The refractive index experienced by higher-order
modes is smaller and the propagation speed higher than that of lower order modes.
Also, in a material exhibiting normal dispersion, a second-harmonic beam will
propagate more slowly than the fundamental. By then engineering a situation where,
the SH field propagates in a higher-order mode than the fundamental, the two fields
can experience the same phase velocity and are thus phase matched.

This method has the advantage of being an ‘al optical’ method of achieving
phase matching where there is no complicated processing of the structure to engineer
the phase matching effect. Instead, the geometry of the waveguide causes the
difference in mode velocities which baances the dispersion. This was first
demonstrated practically in 1971 producing SHG from a CO, pump [79]. Severd
other authors have since also utilised the effect in NLOFC applications. Recently,
Moutzouris et al demonstrated 10 uW of SHG from 65 mW input power with a
fundamental frequency of 1.55 um [80]. Due to the simple nature of this method, it
offers (in comparison to other GaAs NLOFC schemes) ease of monolithic integration.

The final method of phase matching in GaAs discussed here is quasi-phase-
matching (QPM). QPM is also the method for realising a NLOFC that was chosen in
my project. This method can generally allow higher nonlinear coefficients to be
accessed than with aternative phase-matching methods and can be employed at
essentialy any wavelength provided the host material exhibits transparency and the

necessary poling period can in some way be defined [67].
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Normally, in ferroelectric materials such as LiNbO3; or KTP, this is achieved
by periodic electric poling of the material, which acts to alter the material properties
such that the sign of the nonlinearity is changed [81]. It is normally achieved through
applying an electric field to the materia through the use of patterned e ectrodes.
Periodic poling, alows continued conversion from pump to converted wave by
resetting the phase dlip between propagating waves every coherence length.

Given that GaAs is non-ferroelectric, the poling approach cannot be used.
Alternative methods are thus required to achieve domain inversion and QPM
operation. One novel way to perform QPM in non-ferroelectric materials such as
GaAs is to employ a periodic switching of the nonlinearity (PSN) in the material
between a low and high value every coherence length. This allows a net gain in the
converted field over two coherence lengths. Switching the nonlinearity can be done by
a variety of methods including regrowing domains of material with a nonlinear
coefficient which alternates between a high and low value. This is less technically
demanding than the micron scale reorienting demanded in order to create periodically
poled material in non- ferroelectric materials. This method has been explored from a
theoretical perspective [82] and utilised to produce SHG in an AlGaAs/GaAs
waveguide crystal [83]. Despite the fact that this method is inherently half as efficient
as periodic poling due to only providing a net gain in converted field every 2
coherence lengths, the higher nonlinear coefficients available in GaAs could in
principle allow this method to be more efficient than a periodically poled LiNbO3
system.

On the other hand, GaAs is a zincblende type structure. This means that the
orientation of the atoms in its crystal lattice can be visualised as two face centred
cubic (FCC) sublattices, one containing As atoms and the other with Ga atoms. These
sublattices each penetrate the space occupied by the other, as shown below in figure
14.
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Figure 1.4. Diagram showing zincblende crystal structure such asin GaAs

The two different sizes of atoms shown in the diagram represent the Ga and As atoms
present in the structure. It is possible to replicate the effect of periodic poling
(reversing the sign of the nonlinear coefficient) by inverting the crystal domain, thus
turning the crystal through 180 degrees. Inverting the crystal domain can be achieved
by rotating the structure about the x ([100]) direction by 90 degrees[84].

Early approaches for achieving domain inversion and subsequent QPM in GaAs
involved the stacking of plates of alternating domain. This was first demonstrated
experimentally in 1976 by Szilagyi et al who showed SHG of 10.6 um CO; laser light
using a stack of plates with a thickness of 308 um which gave third order QPM [85].
These early attempts operated with coherence lengths of hundreds of microns. To
truly exploit the vast transparency range of GaAs it was necessary to formulate a
method capable of producing far thinner plates of material (<10 um).

In 1993, diffusion bonding was first used by Fejer's group to join together
plates of GaAs into a continuous slab of material. This proof of concept paper
exhibited reduced losses due to the elimination of reflections at the boundaries
between adjacent plates [86]. The authors managed to demonstrate slabs asthin as 3
um in AlGaAs, performing SHG [87] and DFG [88]. The former was able to produce
an efficiency of 4.9 %, generating around 2uW at a wavelength of 1466 um. Due to
the inescapable problems in aligning adjacent slabs with sufficient accuracy, this
method suffers from considerable problems with losses. Novel alternative schemes for
achieving QPM in GaAs include using phase shifts upon reflection in thin sections of
material — so called Fresnel birefringence [89] and the use of quantum-well

intermixing which was utilised to produce 110 nW of thirdorder second-harmonic
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power from 2.3 mW of fundamental power at around 1.5 um [90]. Here, third-order
refers to the fact that in this case the quasi-phase-matching acts over every third
coherence length of the material.

A key breakthrough in the quest to obtain low loss periodically orientation
inverted material was the development of so-called sublattice reversal epitaxy (SRE)
[91], or orientation patterning (OP) as it is otherwise known. The SRE/OP technique
(which underwent significant development during the timeframe of this thesis) allows
the creation of epitaxially grown material with alternating domains required for QPM.
This can be thought of as ‘periodic poling for non ferroelectric materials . Devel oped
independently by groups at Stanford University and the University of Tokyo, the basis
of the technique is growth of GaAs in antiphase to the material beneath.

Using this technique, Fger’s group at Stanford University demonstrated SHG
with an internal conversion efficiency of around 33%[92] and DFG, producing a cw
idler power level just 2.8 times lower than theory predicted [93]. They also
demonstrated optical parametric generation [94]. In this work they utilised the broad
transparency range of GaAs with a pulsed pump at 1.9 um generating light from 2.28
and 9.14 um with a maximum output energy of over 3 uJ (idler) from around 60 pJ of
pump. This broad range was then further extended into the IR by exploiting pump
wavelengths connected with zero group velocity dispersion. This allowed the
generation of light from 4.5 — 10.7 um. Recently, a French group using this technique
managed to recreate the work, producing the highest slope efficiency and output from
an OPGaAs system producing 57% and 1.2W (signal and idler combined)
respectively [95]. These devices are all based on bulk material. In this configuration,
the pump light has relatively low intensity. By operating in a waveguide
configuration, the pump intensity is dramatically increased due to the smaller cross
sectional area when comparing waveguide to bulk.

The waveguide approach was followed by Kondo's group a Tokyo
University where they produced SHG and optical parametric fluorescence [96] in
waveguide devices 5 um wide. Despite the increases in pump intensity provided by
the waveguide approach, the results were considerably poorer than those shown by
Feger et al. , with demonstrated conversion efficiencies of around one order of
magnitude less than suggested by theory. Reasons for this include differences in

etching and regrowth procedures coupled with losses brought about by the formation
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of the waveguide. Improvements in both of these could lead potentially to significant

increases in efficiencies.

1.8 Work contained in thisthesison NLOFC

Two methods for achieving nonlinear frequency conversion were investigated
in my project work. Initially, a PSN methodology was investigated using ion
implantation to selectively destroy the nonlinear coefficient in patterned GaAs
waveguides. The underlying research hypothesis was that NLOFC waveguides
fabricated in this manner would have low losses due to the fact that no regrowth is
required. Once the active region is grown, it is modified rather than removed and
replaced as in orientation-patterned schemes or in PSN schemes such as [83]. These
waveguides were then studied with aview to measuring OPG and SHG.

While this work was in progress, the orientation-patterning technique
discussed in the previous section reached a level of prominence such that its
utilisation was considered in the context of my project. The approach was recognised
as being very practical and offered the prospect of twice the efficiency of an identical
PSN system. Orientation-patterned GaAs frequency conversion waveguide chips were
therefore explored as an additional and potentially superior method of nonlinear
parametric generation. Thiswork will be described in Chapter 7.

Both methods employed extensively the technique of chemically-assisted ion-
beam etching (CAIBE) because this method can produce very high quality etches with
excellent sidewall verticality compared with wet etching. This method of etching
offers excellent selectivity, and is routinely being employed for the fabrication of
photonic crystal devices, which is very demanding. CAIBE was therefore seen as an
excellent candidate to fabricate not only the waveguides but also to establish the
gratings required to produce the modulation or reversal in the nonlinear coefficient for

PSN and orientation patterning respectively.
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1.9 Thesis overview

The overarching theme of my project activities was the development of novel GaAs-
based light sources, either by direct laser action or by nonlinear conversion.
Concentrating first on semiconductor devices that produce light by direct means,
ultrashort-pul se quantum-dot-based semiconductor |asers were explored. In Chapter 2
| deal with the physics of the operation and ultrashort-pulse production of quantum-
dot lasers. Chapter 3 provides a summary of the main fabrication techniques used in
my work to fabricate both quantum-dot devices and structures suitable for NLOFC
applications. In Chapter 4 | describe how these ideas were used to investigate
quantum-dot, gain-switched lasers that were optically pumped by femtosecond pul ses.
With research colleagues, | then investigated how emission from the ground and
excited states evolved and what type of temporal differences could be observed in QD
devices. The subject matter of Chapter 5 is a description of the mode locking of a
semiconductor quantum-dot laser in an external cavity scheme and how mode locking
could be achieved over a broad temperature range for a monolithic laser.

The physics of nonlinear opticsis then briefly described in Chapter 6. Here, the origin
of the nonlinear polarisation is discussed, leading into the coupled- wave equations
and the different methods to achieve phase matching and Chapter 7 contains a
description of the PSN and orientation-patterned devices that were fabricated and
tested. The thesis concludes with Chapter 8 in which the main findings of the work
are summarised together with suggestions for possible avenues for future research,
including schemes where quantum-dot lasers could be used as the pump sources for

parametric applications.
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Chapter 2 Underpinning theory of ultrashort-pulse

guantum-dot lasers

In Chapter 1 | introduced the overarching aims of my PhD project, describing the
performance of state-of-the-art quantum dot devices and introducing my work within
this research area. Chapters 4, 5 will detail the particular assessments undertaken by
me in this topic. To be in a position to understand these devices properly, a basic
understanding of the physics governing the operation of pulsed lasers is required.
There already exist comprehensive sources of relevant information in publications
such as those of references [1] and [2]. It therefore suffices here to summarise the
most important concepts and their implications. Given that | am interested mainly in
the development of ultrashort-pulse lasers, | will forego any discussion of constant-
intensity lasing behaviour. | therefore begin by examining the different mechanisms
which affect a pulse as it propagates through a dielectric medium and then discuss the
different methods that can be used to initiate and sustain ultrashort-pulse generation.
Specificaly, | concentrate on gain switching then mode locking before going on to
explore active and passive mode locking with a particular emphasis on saturable
absorber induced mode locking in the context of quantum-dot lasers. This chapter
concludes by describing methods used to measure the output characteristics of such

|asers.

2.1 Laser pulses

A number of techniques exist for the characterisation of laser pulses, ranging from the
interpretation of the longitudina mode spectrum to nonlinear interactions such as
autocorrelations. Understanding these techniques begins by considering how pul ses of

light propagate in optical media.
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2.1.1 Mathematical description of an optical pulse

The following mathematical description of an optical pulse is based on that of
Siegman [1]. An expression for the time-dependent electric field associated with such

apulse is shown below:

E(t) = &(t) explig(t)] exp[—iwpt] 2.1

In this expression, &(t) is the slowly-varying electric field envelope, wg is the optical
carrier frequency and ¢(t) is the temporal phase variation across the pulse. We assume
that the pulse envelope varies owly with respect to the carrier frequency (slowly
varying envelope approximation). If we Fourier transform the tempora field
amplitude of such a pulse, we obtain its optical spectrum. It is therefore clear that
changes in the temporal characteristics of a pulse such as phase must aso be
manifested in the spectral characteristics of the pulse. The relationship between these
two factors is known as the bandwidth theorem and is described by the time-
bandwidth product (TBP), which describes the minimum pulse duration that a specific
spectral bandwidth can support [2]:

AvAz, 2K

K =0.441for agaussian pulse 2.2

K =0.315 for a sech’pulse

The expression states that the product of the spectral bandwidth Av and the pulse
width Aty must be greater than or equal to a constant K, with K depending on the
specific pulse shape. The pulse shape itself depends on the nature of the pulse-
forming mechanisms within the laser cavity and indeed the shape of the laser emission
spectrum. For a given spectral bandwidth, the shortest possible pulse given by
equation 2.2, is said to be transform-limited. A pulse exhibiting a TBP greater than K
is not optimally short and is said to be frequency chirped.

The chirp of an optical pulse is the time-dependence of its instantaneous
frequency and is an effect of propagation through a transparent dispersive medium. If
a pulse possesses positive chirp, then its instantaneous frequency will increase with
time (up-chirping). Control of this chirpisvital for the production of ultrashort pulses.
Therefore, we can explore the factors that can give rise to frequency chirp in pulses

propagating within alaser resonator and how this can be compensated.
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As a pulse propagates through an optical resonator, it will interact with the
various elements within the cavity. The manner in which interactions occur is

accounted for by the induced polarisation:

P(E(r,1)) = e[ 1, E(r,t) + 2, E*(r,t) + z,E3(r,t) +...] 2.3
Here, P isthe total induced polarisation per unit volume, g, is the permittivity of free
space, y is the susceptibility of the material and E is the electric field. The first term
inside the brackets describes the linear optical properties of the material and describes
phenomena such as refraction and linear dispersion. Higher-order terms inside the
brackets describe the nonlinear behaviour induced in the material by intense optical
fields. Understanding the contribution made by all these termsiis crucia to the design
of the devices fabricated and evaluated in my project.

2.1.2 Linear pulse propagation

When passing through a linearly dispersive optical medium, a pulse will experience a

phase change ¢(w) that depends on the frequency spectrum of the pulse[1].
2rLn, (A
#(0) =2 Lny(0) = T2 - a1 24

In the above expression, o is the angular frequency of propagating light, A is its
wavelength, L is length and c is the speed of light. The quantity no(A)is the
wavelength dependent linear refractive index. These parameters define the

propagation constant (), where:

B(w) = Ny (o) _ 27, (1) 25
c A

If we perform a Taylor series expansion of 3 about a centre frequency ,, we obtain
the following:

B(@) = By + B —ay) +1 B, (0 —0,)* +1 By(0—w,)® +... 2.6
These coefficients of B describe the different aspects of pulse propagation through a
material. Firstly, the term B, is related to the phase velocity v, in the medium. This

parameter represents the velocity of the phase fronts of waves propagating inside the



dielectric as well as the velocity with which the central frequency of the pulse
propagates. It is given by the following expression:
- %

By = 2.7

Uy

The second term in the expansion is related to the group velocity vg4of the propagating
pulse in the dielectric medium and describes the speed of propagation of the envelope
of the pulse. In a non-dispersive medium or a vacuum, the group and phase velocities
exhibited by a pulse would be equal. However, in a dispersive dielectric medium, this
Is not the case. A pulse is made up from different frequency components; each having
a different phase velocity v,. Their superposition forms the pulse envelope which

propagates through the medium with the following speed:

do cC do Yy

B3, describes changes in shape of the pulse envelope as it propagates through the
medium. This arises because different wavelength components of the pulse will
experience different refractive indices and will not propagate with the same phase
velocity. This is called the group velocity dispersion (GVD) and is given by the
following expression:

2 2
ﬂzzﬂ:d ﬂzozl Zﬂ.’_a)od—r: =GVD 2.9
do do c\ dw dw

In most dielectric materials, the GVD will be positive, which is referred to as
“normal” dispersion. The effect of GVD in this configuration is that longer
wavelength components in a pulse will propagate faster than those with a shorter
wavelength. Transform-limited pulses travelling through a dielectric will experience a
frequency dependent phase change, resulting in the pulse becoming frequency
up-chirped. If B,=0, an optical pulse can propagate indefinitely without broadening in
the temporal domain, and the shape of the pulse envelope is thus unchanged. There
are severa didectric materials such as some types of glasses which display this
property for certain wavelengths. This was shown in figure 1.2 of Chapter 1 for fused
silica. Third-order dispersive effects only become important when managing pulses
with very short durations, typicaly around 10fs since the very broad bandwidths
required to support such pulses mean that the frequency dependence of the group
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velocity dispersion becomes important. These are described by the third term in the

expansion.

dg, 1(,d’n  d°n
_dp, _1f,d™n 2.10
P do C( dw? wda)?’

2.1.3 Nonlinear pulse propagation

If we now start to consider more intense incident optical fields, we need to concern
ourselves with higher-order terms in equation 2.3. These terms cover the situation in
which the polarisation response to the incident field becomes nonlinear and gives rise
to, for example, an intensity dependent refractive index, which is important for the
pulse shaping of solid state lasers such as the titanium sapphire laser described in
Chapter 4. In semiconductor lasers, carrier induced phenomena dominate at much
lower powers and are of prime concern here, because pulse broadening tends to be

dominated by carrier induced effects.
2.1.4 Self phase modulation in semiconductor lasers

A semiconductor laser pulse depletes carriers and hence the available gain as it
propagates through the material. As such, the rear of the pulse experiences a higher
refractive index than the front. Following the propagation of an optical pulse, the gain
and refractive index recover to the initial steady-state levels. The relationship between
gain and refractive index in semiconductor materials can be explained by Drude
theory. The refractive index of a material is intrinsically linked to the polarisability of
the material. In turn, this polarisability depends on the numbers of charge carriers
present in the material. Thus, a change in carrier density causes an instantaneous
alteration in refractive index.

This carrier dependent change in index also causes a phase shift in the pulse

and a change in frequency. To analyze this, we consider the example of a plane wave:

E(t,x) = E, expig(t) = E, expi(w,t —kx) 211
In the above expression, ¢is the phase of the wave, o, is the centra angular

frequency andk = o n(t)/c. If we allow the refractive index to vary with time, we
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have set up the requirements to alow the study of the SPM effect. Taking the time
derivative of the phase, we will arrive at the instantaneous optical frequency.
Applying thisto 2.11:

90 _ 9t —kx) = o, — 2 9N
dt ot o

Carrier depletion by an intense optical pulse aters the instantaneous frequency of the

o(t) = 2.12

pulse. In semiconductor lasers, carrier depletion by a pulse tends to cause positive
chirp in the gain section of a device. SPM does not directly increase the pulse
duration, but since the additional frequency components are subject to additiona
GVD, higher chirp and longer pulse duration results. Thus, we see how the interplay
between SPM and GVD causes pulse broadening in both spectra and tempora
domains. It is worth noting that in special circumstances, these same factors can aso
balance to produce optical solitons, which exhibit zero broadening of both its
temporal and spectral properties.

The parameter used to quantify the change in index with respect to changes in carrier
density/gain is known as the linewidth enhancement factor a. It is described by the

following expression:

o
a:ﬂ daN. 213
2 | 99
dN

Here, n is the material refractive index, N is the carrier density and g is the gain per
unit length [3]. This parameter was introduced when early investigations led to the
observation that the emission linewidth of semiconductors exhibited broadening that
could not be attributed to thermal effects. The work of Henry explained this
phenomenon as a coupling between the gain of the laser and the refractive index
[4].The parameter dg/dn that features in the equation is the differential gain of the
system and can be thought of as the gain per carrier. One method to reduce the
a factor and the resultant frequency chirp is to increase the differential gain of the
material. Severa authors have recently discussed the care required when assigning a
linewidth enhancement factor to QD devices since it is strongly dependent on the
pumping conditions and varies significantly from device to device in quantum-dot
material from values much lower than those found in quantum-wells to significantly

higher [5]. This is due to the varying contributions from the quantum states at
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differing pumping strengths. As such, the linewidth enhancement factor loses some of
its significance when considering quantum-dot material. However, it can still be of

use provided that it is applied to alimited parameter range of laser operation.

2.1.5 Dispersion compensation

To obtain transform-limited pulses, we must introduce additional GVD of a sign and
magnitude such that the net GVD is zero, or, in other words, compensate for the
inherent GVD of the material. Semiconductor gain media exhibit positive GVD,
therefore components with a negative GVD are required to offset this. There are a

number of techniques that can provide this negative dispersion.

In monoalithic semiconductor lasers, mode locking is often initiated by a reverse
biased section [6]. Given that the carrier effects in this section are the opposite from
those found in the gain section, so too will be the effects on wavelength chirp. There
is therefore a degree of balancing of chirp between the gain and absorption sections
which in an idea case can lead to transform-limited pulse durations. However, this
fine balance is hard to obtain in practice. Instead, mode-locked semiconductor lasers
tend to exhibit net positive frequency chirp, resulting in pulse broadening and non-
transform limited pul ses.

To overcome this, external pulse compression schemes are often used. Such
schemes tend to compromise the small size and inherent simplicity of the monolithic
design. Pairs of diffraction gratings have been employed successfully to provide
dispersion compensation by alowing the slower shorter wavelength components to
experience effectively shorter paths around the cavity than their faster long
wavelength counterparts [7]. Other techniques include the use of chirped mirrors [8]
and Gires-Tournois interferometers [9]. The most common approach is to use pairs of
prisms. First reported by Fork et al, this method places pairs of prismsin the cavity to
provide the negative GVD required [10, 11]. A typica configuration for this scheme

in atravelling-wave resonator is shown below in figure 2.1.
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Figure 2.1. Typica 4-prism dispersion compensation scheme

In this system, the angle of light emerging from the first prism is dictated by its
wavelength. Shorter wavelength components take a sharper exit angle than longer
wavelength rays. This alows the shorter components to pass through less of the
second prism. This amounts to a difference in optical path for short components
compared with those of longer wavelength. By using this technique, carefully
choosing the prism positions relative to each other, a negative, geometrically induced
GVD can be introduced to the cavity. The plane XX’ defines a plane of symmetry for
the remaining two prisms. By placing a mirror at this position, two prisms can be
made to perform the same task of four.

Looking at the mathematics of the system, the total dispersion of the prism

2
D= (il_j :; 2.14
C

where, P is the optical path length and L is the physical path length. The derivative in

sequenceis given by:

the expression depends on the different exit angles of blue parts of the pulse spectrum
compared with red parts 0, the prism refractive index and the tip to tip separation of

the prisms|. The total dispersion of the system is given in terms of femtoseconds®.
d?p dn 1)(dn ). dn\?

=4 +{2n—— || — | |sin(@)—-2| — | cos(@ 215
da? {dﬁ ( nJ(dlj] ©) (d/lj )

If the tip-to-tip separation, |, of the prisms is increased to a sufficiently large value,

the overall dispersion introduced by the prisms becomes negative'.

! Prisms are usually made from material that exhibits positive material dispersion. However, fused
silica prisms exhibit negative dispersion when used at 1.3pum
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2.2 Methods of obtaining ultrashort-pulse operation in lasers

This section covers the main approaches used to obtain ultrashort-pulse operation in
semiconductor lasers. In my project, the primary method of interest is mode locking.
A gain switching technique is also employed, athough this is done mainly to provide

an insight into the devel opment of better mode-locked laser configurations.
2.2.1 Gain switching

Perhaps the simplest method for obtaining ultrashort pulses from a QD laser is to
pump it with a short but powerful pump pulse. This can take the form of a short
current pulse or alternatively a short, intense optical pulse. Such a short pump causes
alarge population inversion to build up rapidly from noise.

N, A\ -

N(®)

SS

n(t)

T, T, T, T,

Figure 2.2. Evolution of population inversion N(t) and the corresponding cavity photon number n(t) (pulse profile).
The population inversion rises above threshold at time T,, corresponding to the leading edge of the pump pulse.
This causes the number of photons in the cavity to increase. By T,, the population inversion has reached its peak.
Here, the rate of stimulated emission is equal to the rate of stimulated absorption and hence the number of photons
in the cavity is equal to the steady-state value. At this level the field intensity inside the cavity is using up the
population inversion faster than it can be replenished by the current pulse. This causes the number of photons in
the cavity to grow at avery fast rate. At T, despite the fact that the inversion is no longer at a maximum, it is still
above the threshold value and therefore the photon number continues to increase, further depleting the inversion.
Then, when the inversion drops below the threshold value, the photon number in the cavity rapidly drops off.
Findly, at T,, the photon number drops below the steady-state value and the inversion begins to build up again
slowly.
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The result isthe emission of an intense pulse of light as the large population inversion
is rapidly lost due to the strong stimulated emission. The physics behind this is
essentialy the same as those relating to spiking and relaxation oscillations in lasers
[1]. A diagram depicting population and photon number in side the cavity is shown
above for an intense pump pulse.

Provided that the pump pulse is sufficiently short, it is possible to push the
laser above threshold for only a very short period during the pumping cycle. This
allows the extraction of a short, intense gain-switched pulse while subsequent smaller
relaxation oscillations in the pumping cycle are suppressed. This smple method is
capable of producing pulses directly from the device with picosecond durations
provided the carrier dynamics in the gain material are sufficiently fast. Exceptionally,
pulses as short as 20fs have been produced by a gain switched laser diode system
employing a four-stage compression technique [12]. It is notable that prior to
compression, the pulses produced by this system were 7.5 ps in duration — a typical
duration for a gain-switched semiconductor laser [13, 14]. As such, this work is
perhaps more a demonstration of the capability of pulse compression techniques as

opposed to the fast dynamics of gain switching.

2.2.2 Q-Switching

The quality factor Q of a laser oscillator is given by the ratio of the power stored
inside the oscillator to the power lost per optical cycle. If initially, the losses of the
cavity are kept high by the inclusion of some sort of attenuator in the cavity the Q
factor of the resonator islow and lasing is suppressed. In thisregime, alot of gain can
be stored inside the cavity, filling the upper level of the laser to create a very large
population inversion. By then reducing rapidly the losses of the resonator, it is
possible to extract al the stored energy into one intense pulse. With the losses
switched to a lower level, a laser energy field rapidly builds up in the resonator by
stimulated emission of the stored up inversion, but this high level of emission cannot
be maintained and the pulse dies off again. In diode lasers, Q-switching can be
implemented in two-section diode lasers, providing picosecond pulses at high
repetition rates [15, 16]. In solid-state lasers, Q-switching is often achieved by means
of an electro-optic switch inside the cavity. Pulses produced by this method typically
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have nanosecond durations. The 1 um Nd:YAG laser used in chapter 7 operated using
Q switching.

2.2.3 Mode locking

Mode locking is the most widely used technique for the operation of lasers that can
produce ultrashort pulses. The basic premise of the method is to force the different
longitudinal modes of the laser to enter into afixed, stable phase relationship with one
another. This causes ultrashort, intense pulses to be emitted with a separation
determined by the cavity round-trip period [17].

One way to understand mode locking is to examine a standing-wave cavity as
shown below in figure 2.2 below. In this simple configuration, it is evident that since
the longitudina modes of the laser are adso standing modes of the cavity, the
wavelength of these modes will be determined by the spacing between the mirrors.

Longitudinal modes

Figure 2.3. Simple two-mirror cavity showing standing modes

This means that the frequency separation between adjacent longitudinal modes of the

laser in will be given by the following.

c
AL =— = =f 2.16
v 2nl %RT ca
In terms of wavelength, the spacing between adjacent modes is then given by
2
AL = A 2.17
2nl

In the above expressions, c is the speed of light, | is the cavity length and n is the
average refractive index. The quantities trr and fca are the cavity round-trip delay
and cavity frequency spacing, respectively. The precise operating wavelength of a
laser is thus determined by a combination of both the emission bandwidth of the gain

material and the cavity length.
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In mode-locked lasers, broad gain bandwidths allow many modes to
participate in the lasing process. If we consider a simplified situation where N
contributing longitudinal modes have equal amplitude, we can express the output
electric field from the laser as a function of time in the following manner.

E.)="2 (E)expli(w,t+4,)] 218

Here, m,and ¢, are the angular frequency and phase of the ny, longitudinal mode. In

an unmode-locked regime, the relative phases of the contributing modes are all

varying randomly. In this case, the total intensity is equal to the sum of the modal
intensities. The total intensity at any given time will remain relatively constant.

By contrast, in a mode-locked laser, the relative phase of the participating

modes is fixed. Using this in expression 2.18 and simplifying the resulting power

series, we arrive at the following expression for the electric field as a function of time.

. sin(NAat)
E, (1) = (E;) expli(ot)] !W%) 219

Hence, the total intensity as afunction of timeis given by the following.

, , sin?(NAawty
Lot (1) = [E (D] = (Ep) {Wwyg] 2.20
We see that the intensity is directly proportional to the number of modes N. Plotting
the output intensity as a function of time now produces a series of discrete and intense
pulses. Thisis shown below in figure 2.4 for the case of arelatively small number of
longitudina modes.

The narrow peaks in the output intensity occur at time intervals where many
longitudinal modes in the laser are in phase with one another. The separation of the
pulses is given by the inverse of the round-trip frequency of the laser. The duration of
the pulse is determined fundamentally by the number of modes that are locked in
phase. It is for this reason that lasers with broad emission bandwidths are capable of
producing ultrashort pulses, but also why a large GVD is so detrimenta to the
operation, because it inhibits the modes from maintaining the necessary phase
relationship.
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Figure 2.4. Mode-locked laser output and phase rel ationship between a small number of contributing modes

Ideally, all of the laser energy should be concentrated in the pulses with
interpulse energy that is essentially zero. The relationship between the average power
emitted by the laser and the peak power contained in an ultrashort pulse is as follows
[18].

E
P, =092 _ 092, 221

Ar, Az, f,,

Here, Ppc and Py, refer to the pesk and average power of the system and E; is the
energy contained in the pulse. If we consider a system with a pulse duration of 100 fs,
around trip time of 10 ns and an average power of 100 mW, this would give a peak
power of 9.2 KW! This assumes a Gaussian pulse shape. For a hyperbolic secant
pulse shape, the factor of 0.92 in equation 2.26 becomes 0.88. The numerical factors
arise because in real pulses, a significant portion of the pulse energy can reside in its

wings.
2.3 Mode locking techniques in quantum-dot lasers

Having looked at the basic principles, we will now explore the different methods used
to facilitate mode locking. The main techniques that are used are described as active,
passive or a mixture of both, namely hybrid, mode locking. Active mode locking uses
externally applied modulation of the gain applied at the cavity frequency fca. This



gives ahigh degree of control over the various parameters of the modulating signal. In
addition, the external modulation signal provides a reference signal which can be
useful for signal processing and telecommunications. Unfortunately, it isvery difficult
to generate very fast RF signals, making this technique less practical for the
mode-locking of lasers that have very short cavities. Active mode locking is also
fundamentally limited by the fact that the characteristics of the modulation imposed
on the laser field are determined solely by the external electronic modulating element.
While this modulation can be accurately tuned to the laser repetition frequency, it is
inflexible in that it does not depend on the specific conditions in the cavity and cannot

adapt itself to provide a suitably optimized degree of modulation.

2.3.1 Passive mode locking

Passive mode locking (PML) overcomes these limits by using a saturable absorber
element to provide self—-amplitude-modulation (SAM) of the laser field. This is most
easily understood by considering a simple two mirror cavity as in figure 2.2 but with
the addition of a saturable element as introduced above. When the laser output is
initialised, the phases of the constituent modes are random. This causes the output of
the laser to behave in an essentialy continuous wave manner. There will be random
fluctuations and perturbations in the total field inside the resonator, however, that
produce random noise fluctuations in the internal field. If one, or as is more often the
case, a group of these noise fluctuations has an energy density sufficient to bleach the
absorber, it will experience lower loss than the peripheral lower amplitude areas of the
noise and will experience a higher round-trip gain. Once established, this process
repeats itself and promotes the formation of a sequence of pulses. The baance
between loss and gain once a pulse is established is shown in figure 2.5. below. The
fact that gain is outstripped by loss in between periods of pulse formation explains
why no other sets of pulses are able to form.
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Figure 2.5. Illustration of saturable absorber loss and laser gain as a function of time and resultant pulse
production. Shaded areas in the top sketch indicate areas where gain outstrips loss and pulses are produced. A
necessary requirement is thus that the loss saturates faster than the gain. Semiconductor lasers display slow

saturabl e absorption behaviour because their gain and absorption sections are made from similar material [19].

There are several methods of creating an absorber in a semiconductor laser. In
monolithic devices, one can use ion implantation to modify one of the laser facets
[20]. This creates additional trap states which behave as an absorber. Another method
involves constructing a split contact laser. The active region is split into two sections,
each electrically isolated from the other. The laser gain section is forward biased in
the normal manner while the intended absorber section has either zero bias or a
reverse bias applied. In this configuration, carriers in the absorber section are pushed
out of the absorber by the internal electrostatic forces. A reverse biased absorber
recovers to its original highly attenuating rest state more quickly than in the unbiased
case. This is due to the increased tunnelling of carriers out of the dot states taking

place in the reverse biased case [21].

2.3.2 Semiconductor saturable absorber mirrors and saturable Bragg
reflectors

Semiconductor lasers can be mode-locked in additiona ways. Through exploitation of
molecular beam epitaxy (MBE) and metal-organic vapour phase epitaxy (MOVPE), it

is possible to tailor the linear and nonlinear optical properties of ultrathin layer
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structures. Such growth techniques can be used to integrate a semiconductor saturable
absorber directly onto a mirror structure which then provides both feedback and acts
as amode locking element

Both semiconductor saturable absorber mirrors (SESAMS)[22] and saturable
Bragg reflectors (SBRs) [23] exhibit an intensity dependent reflectivity, favouring
operation in a pulse regime. Both SESAMs and SBRs have been used extensively to
mode-lock solid state lasers without being subject to the stringent cavity alignment
required for Kerr-lens mode locking. Both types of device are very similar in terms of
their structure and the principles governing their operation. As such, SBRs can be
thought of as a subcategory of SESAMs. Any differences between the two are to be
found in the specific details of their growth and post production. Details of their
differences can be found in the review paper by Keller [22].

2.3.3 Important SESAM parameters for successful mode locking

There are five factors that define the performance of SESAM or SBR devices.

i) Ultrafast carrier dynamics are essential for any saturable absorber because
successful operation requires that an absorber should be saturated on a short timescale
and recover to its original state of high loss (relax) on an equally short timescale. By
this token, the recovery time of the absorber ta, after a pulsed induced saturation is of
critical importance to the production of ultrashort pulses. ldeally, after complete
saturation by a pulse, the absorber should be able to completely relax long before the
arrival of the next pulse. Therefore the recovery time of the absorber must be less than
the round trip period of the cavity. A similar condition applies to the gain if
differential amplification instabilities are to be avoided. Semiconductor lasers can
have very short cavity lengths. For instance, a 3mm long laser has a cavity frequency
of around 15 GHz and this corresponds to less than 60 ps for its round-trip period.

i) Another very important factor is the saturation fluence Fsza, Which is defined as the
pulse fluence required, such that the remaining fractiona unsaturated loss of the
absorber after such a pulse is equal to 1-e*. This dynamic process can aso be
understood in the context of pulse energy. The saturation fluence is equa to the
saturation energy Esya per unit area of the laser mode cross section. To initiate and
maintain stable mode locking, the energy required to saturate the absorption of the
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gain should be less than that required to saturate the gain as outlined in the
expressions below.

o %

In the above expression, v is the optical frequency of the laser, h is Planck’s constant

2.22

while a,g/N are the differential loss and gain i.e. the loss and gain per carrier. In
satisfying 2.27 the existence of the gain window shown in figure 2.5 is allowed.
Fortunately, in semiconductor material this favourable situation is ensured

smceg—a > ag [24]. In this project, the specific design of the external cavity for the
n

QD SESAM mode-locked QD lasers enables the fluence to be varied somewhat by

varying the cavity length and making small adjustments to the spot size on the
SESAM.

Reflectivity (%)

Incident Pulse Fluence (uJ/cm®)

Figure 2.6. SESAM reflectivity as afunction of incident pulse fluence
Concentrating specifically on mirror based saturable absorbers; there are three

main parameters that describe how such absorbers perform (figure 2.6). The
modulation depth AR of the SESAM is the maximum change in reflectivity between
the relaxed absorber state and that exhibited when a pulse with large fluence fully
bleaches the absorber. The pulse will have an energy density which is larger than the
saturation fluence of the absorber Fya. By using SESAMs with large modulation
depths, strong modulation of the laser field can be achieved however, excessive

modulation depths can cause problems such as an increase in Q-switching instabilities
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[25]. These occur because the modulation of the laser field becomes strong enough or
the recovery of the gain slow enough such that successive pulses experience differing
levels of attenuation. The consequence of this is that the mode-locked pulse train
becomes subject to further modulation by the comparatively slowly varying Q-
switched envelope[22].

The non-saturable loss, ARys, is the loss of the device which remains after
bleaching by a highly intense pulse. The magnitude of this loss factor is strongly
related to the manner in which the device has been designed. Various factors
including scattering losses, residual absorption and the reflectivity of the bottom
Bragg mirror are taken into account in ARns. The quantity RoRys is the reflectivity of
the device when the pulse fluence incident on the device is close to zero. By a similar
token, Rys is the device reflectivity when a very highly fluent pulse fully saturates the
absorber.

Finally, we consider the spectra bandwidth of the SESAM. The spectrd
bandwidth determines the upper limit on the number of modes which the SESAM can
lock together and consequently the minimum pulse duration obtainable with that
particular SESAM. This parameter is usualy limited by the reflection bandwidth of
the Bragg mirror located beneath the absorber layer. Several methods such as
selective oxidation have been utilised in order to increase the refractive index contrast
between the layers of the mirror stack an