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Abstract

The work reported in this thesis is concerned with the fabrication and character-
isation of laterally coupled (LC) distributed feedback (DFB) lasers, both single-
and dual-mode, based on InAlGaAs-InP material emitting at 1.35 um. The aim
of the research is to realise a compact device, able to emit two wavelengths simul-
taneously, to be used for the generation of gigahertz (GHZ) and terahertz (THz)
signals by photo-mixing. The motivation comes from the need for portable sources
of radiation in the so-called THz region. The first part of the work involved the
implementation of a laterally coupled grating that is intended to become a build-
ing block for the dual-wavelength device. To prove the effectiveness of the grating
structure, single-mode DFBs and distributed Bragg reflector (DBR) lasers were
designed and fabricated in the InAlGaAs-InP material, aiming to optimise the
necessary technological processing. Assessment of these devices showed excellent
performance: stable single-mode emission, with low threshold currents of about 55
mA and high sidemode suppression ratio (SMSR) over 40 dB, were demonstrated.
Ridge-waveguide lasers (RWGL) were also fabricated alongside the single-mode
devices, to allow comparison of the operating characteristics. The second part
of the work was concerned with the implementation of a novel dual-wavelength
laser, based on the lateral grating structure. The final device realised was a DFB
laser having two different grating periods, one on each sidewall, fabricated in the
InAlGaAs-InP material using the technology previously implemented. This source
was thoroughly assessed in terms of lasing characteristics, mode behaviour, and
suitability to generate microwave signals. Stable dual-mode operation, with low
threshold currents around 50 mA and SMSR approaching 30 dB, was successfully
demonstrated in continuous wave (CW) operating mode, at room temperature.
The dual-mode behaviour was characterised by inspection of the modal transverse
distribution and by injection locking experiments. Generation of microwave sig-
nals by photo-mixing was performed at about 23 GHz, and the linewidths of each
of the individual modes and of the beat mode were measured as a function of the
injection current. It was observed that, while the linewidth of the separate modes
has a modest dependence on the injection level, the linewidth of the beat mode

experiences a strong decrease as the injected current increases.
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Introduction

Emission of radiation in the terahertz (THz) range, namely from tenths of GHz up
to several THz, has been the subject of extensive research for the past couple of
decades. The search has been driven on the one hand by keen interest in potential
new applications, and on the other hand by a remarkable lack of sources able to
emit efficiently in this range. Hence the expression ” THz gap”, that is convention-
ally defined to be between 300 GHz (1 mm) and 10 THz (30 ym). Although the
result of work carried out has been the development of some commercial systems,
for instance by Picometrix and TeraView, the quest for THz sources is still a very
active topic of research. The main target nowadays is to create a compact and
reliable device, able to work at room temperature.

Among the various methods to generate high frequency signals, one of the most
promising is the optical heterodyne technique, also known as photo-mixing. It
consists in the mixing of two optical signals at a fast photodetector, to generate
an electrical signal at the frequency difference between the two modes. As a con-
sequence of this interest in photo-mixing, dual-wavelength lasers have attracted
much attention in the past few years as appealing sources for this application

[IPHOBAC |.

The aims of the present work

Dual-wavelength lasers, also known as dual-mode or two-colour lasers, are a partic-

ular type of multi-wavelength laser, specifically designed to emit two longitudinal
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modes. Besides their application for THz generation, these devices are potentially
key elements in various other applications, such as ultra-fast optical communica-
tions and optical spectroscopy.

Looking at the literature it appears that a variety of dual-wavelength systems have
already been reported, from solid-state and fiber-based sources, to microchip and
photonic devices. However, among all the reported configurations, simultaneous
emission of the two modes from within the same laser cavity is the most appealing,
due to its compactness, stability and spectral quality [Tani 05].

Starting from this observation, the present research has sought to develop a com-
pact and reliable dual-wavelength laser diode, to be used to generate microwave
signals by means of photo-mixing. The device has to be technologically as sim-
ple as possible, based on InP material, to guarantee its reliability and suitability
for integration, and also be “flexible”, in the sense that the basic structure has
to allow for changes of design parameters. The building block that was chosen
to implement the device is a shallow Bragg grating, also called lateral grating,
since it is defined on the sidewalls of a ridge-waveguide structure (Fig. 1). This
structure allows maximum flexibility in the definition of the grating reflectivity
and period, and reduces the technological complexity, since it does not require
regrowth. Moreover, since it is such a versatile structure, it has strong potential
as a technological platform for photonic integrated circuits (PIC).

The final goal of the work is to demonstrate the feasibility of such a device, mea-
suring its lasing characteristics and assessing its suitability for the generation of

microwave signals.

Thesis outline

Chapter 1 of this thesis reports on the present status of research in the field of
far-infrared (FIR) sources and integrated dual-wavelength lasers. The issue of

GHz and THz signal generation is outlined, highlighting some applications of this
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Figure 1: Schematic of the shallow lateral grating, defined on the side of a ridge-
waveguide structure. The transversal profile of the optical mode propagating inside

the core region is also shown.

latter type of radiation. Photonic techniques are then analysed in more detail;
state-of-the-art dual-wavelength sources are described, focusing in particular on
integrated devices. Finally, laser diodes based on lateral gratings are reviewed.
Chapter 2 is an introduction to the analysis of single-mode Bragg lasers, that is
DBRs and DFBs, based on the coupled-mode theory. Some properties of laser light
and some physical effects which are of interest to this work are addressed. Chapter
3 describes how single- and dual-mode lasers were modelled. Design of the ridge-
waveguide (RWG), lateral grating structure, and laser cavity for the single-mode
devices are reported. The concept of common-mode-noise rejection effect is ex-
plained, and a simple model for the prediction of the behaviour of dual-wavelength
lasers is presented. Although general, it proves very helpful for understanding
the laser operation. Chapter 4 illustrates the fabrication work carried out. The
structure of the epitaxial material employed is given; the process implemented to
create lateral gratings is described; the fabrication steps required to define RWG

lasers, as well as DBR and DFB lasers, are reported. Finally, the main fabrication
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problems encountered during the research are addressed, with discussion of some
potential improvements. Chapter 5 reports on the experimental results obtained
from testing of the fabricated single-mode lasers. Their lasing characteristics, tun-
ing behaviour and coupling coefficients are assessed. For completeness, results on
ridge waveguide lasers fabricated on the same samples are also reported, to allow
a comparison with the single-mode devices. Chapter 6 reports on results from
testing of the dual-mode DFB lasers; similarly, these lasers are assessed in terms
of lasing characteristics. Due to the novelty of the device, the properties of the
transversal mode distribution are reported in more detail. Results from photo-
mixing experiments follow, showing the potential of these devices for microwave
generation. Assessment of the linewidths of the two sepate modes and of the beat
signals are reported, and findings from optical injection locking experiments are
given. Chapter 7 summarises the major achievements of this work, and provides

some ideas for possible future work.
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Chapter 1

Literature review and background

As a first step in this research, a comprehensive review of the relevant literature was
carried out. In this Chapter, an overview on various techniques for the generation
of high frequency signals is given, focusing in particular on photonic techniques,
photo-mixing and related optical sources. Subsequently, since the proposed dual-
wavelength device is based on a lateral grating, laser diodes incorporating such

structures are thoroughly examined.

1.1 High frequency signals

In recent years, generation of signals at GHz and THz frequencies has attracted
a lot of attention due to potential applications in several fields. High frequency
signals are very appealing not only for ultrafast communications, but also in other
areas, such as medicine, security and radio-astronomy. However, despite the inter-
est in this range of frequencies, the portion of the electromagnetic (EM) spectrum
ranging between microwaves and near-infrared (NIR) has substantially remained
unexploited for a long time, due to a lack of suitable sources. In fact, this re-
gion is often referred to as THz gap [THz-network ], to explicitly address the need
for devices, stressing that this range of frequencies is on the one end covered by

electronic sources, while on the other by optical devices. Wavelengthwise, this
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interval is known as the far-infrared (FIR) range. Fig. 1.1 shows the electromag-
netic spectrum, highlighting the absence of sources for the above-mentioned range
of interest.

On the one side of the THz gap, there are traditional electronic sources that are
based on high-speed electronic circuitry. Among them the fastest ones are impact
avalanche transit time (IMPATT) diodes, Gunn diodes, and resonant tunneling
diodes (RTD) [Dragoman 04], all of them able to generate frequencies below 1
THz, and frequency multipliers, which can emit up to a few THz. Although these
types of devices are widely available at GHz frequencies and up, their operation
above 1 THz faces major physical obstacles [Tredicucci 05]. An alternative elec-
tronic source is the micromachined reflex klystron, recently proposed to operate
at several THz [Garcia-Garcia 04]. Nonetheless, it is important to point out that
although these devices can generate up to a few THz, they are intrinsically very
complex, hence very fragile.

On the other side of the gap, there are photonic systems, which traditionally gen-
erate radiation at hundreds of THz and higher. In this case, in order to generate
the desired frequencies, the approach is either to engineer traditional sources to
get them to emit at lower frequencies, or to define new devices, to be employed in

specific optical configurations.

1.1.1 Some applications of FIR radiation

One of the major fields of application of FIR radiation is spectroscopy, in par-
ticular astronomical high-resolution spectroscopy. In fact, frequencies located in
the millimeter-wave (mm-wave) range (30 - 300 GHz) are of interest to detect the
so-called “cold Universe”, since these regions are optically dark, but they are very
bright in the mm-wave region [ALMA |. In this field, large telescopes are employed
[CARMA |, comprising arrays of large (>10 m) antenna dishes placed on earth,

while a step forward is the making of complete radio telescopes, that can float in
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Figure 1.1: Depiction of the electromagnetic spectrum, showing the different ranges

of frequencies [THz-network ]. The THz gap is indicated by a red arrow.

space, as in [SWAS J, or [SAFIR |.

Millimetre-waves are also a significant area of research in the field of remote sens-
ing, where FIR radiation finds applications in gas detection [Mittleman 98] and
radar sensors for intelligent transport systems (ITS) [Abou-Jaoude 03].

In the field of optoelectronics, high frequency signals are of interest for applications
in ultrafast communications, in particular for optical clock recovery in high-speed
all-optical signal processing [Mohrle 01]. They have also been used to characterise
semiconductors, as in [Huber 01 , where ultrafast interactions were used to moni-
tor charge-charge interactions.

Another major application of THz radiation is imaging, which looks very promising

in various fields, from chemistry, biology and medicine, to industrial monitoring,
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and homeland security. An interesting feature that makes THz waves very attrac-
tive is that they can penetrate nonconducting materials, such as clothing, wood
and plastics, but they don’t penetrate metals, and they are strongly absorbed by
water [Mueller 06]. For this reason they could be employed in industrial applica-
tions, as for packaged good inspection, or to monitor microchip quality through
imaging of integrated circuits.

Another main feature of THz waves is that their photon energy is much smaller
than that of X-rays, which means that THz waves are nonionizing, hence safer
for human applications. Today nondestructive imaging of biological samples is a
very active area of research, as it appears by looking at the amount of published
papers found in the literature, for instance the issue n. 47 (2002) of Physics in
Medicine and Biology, or in [Koch 02]. As an example, a consortium of European
Universities was recently involved with researching the effects of THz radiation
onto biological systems [THz-BRIDGE |. Their conclusion is that medical imag-
ing employing appropriate exposure parameters is not harmful, that THz systems
may provide useful information in diagnostics applications, and they prove to be
much less invasive than other commonly used techniques, like X-rays. Further
applications to disease diagnostics are subject of research, for instance for tumour
recognition [Woodward 03].

Potential monitoring applications, like gas sensing and biohazard detection, but
also THz imaging of human beings, are eagerly looked for in the bustling field of
security and defence [Woolard 05]. An example is given in Fig. 1.2, showing the
potential of THz radiation in detecting concealed weapons.

At present, the main commercial application of THz waves is in the so-called ter-
ahertz time-domain spectroscopy, that measures materials properties at high fre-
quency. The method is used to assess dielectric properties by measuring the field
transmitted through them, then Fourier-transforming the time-domain wave to
obtain amplitude and phase of the signal. From that the real and imaginary parts

of the dielectric properties in the frequency domain are retrieved. This method has
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been used on several materials already, from semiconductors and superconductors,

to fluids and biological samples [Dorney 01], [Harde 01].

Figure 1.2: Application of millimetre-waves to security: the image shows a picture

taken under natural light (left), and using THz radiation [THz-network J (right).

1.2 Photonic techniques for FIR generation

As mentioned earlier, due to physical limitations which are intrinsic to electronic
devices, optical sources look today more promising in the quest to fill the THz gap.
With this application in mind, photonic devices can be grouped into two major
categories: i) direct sources, ii) laser-enabled systems [Mueller 06]. The first ones
are devices able to emit radiation in the far-IR region, while the second ones are
those employed in specific detection schemes, to generate the wanted frequency.

Main direct sources are gas lasers, optical parametric oscillators (OPO), and quan-
tum cascade lasers (QCL). The gas laser, also known as optically pumped terahertz

laser [Coherent ], consists of a CO2 laser exiting a gas cell that usually contains
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small organic molecules, like methanol. It can emit high power, but it is also quite
awkward, since it is difficult to control its cavity length, hence to guarantee stable
emission wavelength. Another way of achieving laser emission in the FIR region is
by optical parametric generation. As an example, an OPO employing a nonlinear
crystal (MgO:LiNbO3) inside the cavity of a Nd:YAG laser was recently reported
[Edwards 06]. It can emit in the wavelength range of 100-250 um, however its
mean power is only 75 nW. Moreover, both gas lasers and parametric oscillators
are very large and bulky systems. On the other hand, QCLs are compact semi-
conductor devices, that can be designed to emit in the FIR range, by tailoring the
wafer structure. First demonstration of QCL lasing at 4.4 THz, in pulsed condi-
tions, was reported by [Kéhler 02]. Since then, thanks to improved fabrication,
continuous-wave (CW) operation and higher output powers have been achieved
[Williams 06]. The main advantage of QCLs are very narrow linewidth and good
output power, however they have to be driven at low temperature. Another op-
tion that was proposed in the past is a very high frequency mode-locked laser
[Yanson 02], based on harmonic mode-locking, which managed to achieve up to
2.1 THz. This is a very interesting source, however it has some major drawbacks
in that it is not tunable, since the generated frequencies have to be multiple of
the fundamental cavity frequency, and it presents extremely tight technological
requirements.

More recently, quantum dot (QD) based mode-locked lasers have been proposed
as high-frequency sources, as reported in [Renaudier 05, showing very narrow
linewidth at 45 GHz. However, QD lasers are still in an early stage of research,
where growth and basic lasing performance are still major issues which have to be
looked at.

Among the so-called laser-enabled techniques, time-domain systems and photo-
mixing are the most popular at present. In time-domain systems ultrafast optical
pulses (typically in the femtosecond range) are detected by a low temperature

grown photoconductor [Shen 04]. This method is also known as terahertz pulsed
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technology [TeraView |. Since in this technique the pulse power is spread over
a wide range of frequencies, although providing a broad range of frequencies, it
causes low output powers (< 1 uW). Moreover, detection sensitivity is restricted,
due to the pulsed nature of the source, and spectral purity is limited, due to source
laser jitter.

Another laser-enabled technique is the optical heterodyne technique, also known
as photo-mixing. It is considered as the low-cost alternative to commercial tech-
nologies [Gregory 05], since pulsed technology, although generating signals with
excellent properties, requires a very complex and bulky apparatus. This is the

technique chosen for the present project, as it is the most commercially viable.

1.2.1 Photo-mixing

The heterodyne detection technique, i.e. photo-mixing, is based on a coherent
detection scheme, where two CW optical modes (usually laser modes) are shone
onto a photoconductive element. As a result, due to the quadratic response of the
detector to the applied electric field, the photoconductor produces a photocurrent
with a frequency equal to the frequency difference of the two modes. The result is
also known as heterodyne mixing, or optical beating. This scheme can be described

analytically using the formula:
’L(t) = Io1 + Ip2 + I1o COS[(LUl — UJz)t + ¢ — ¢2)] (1.1)

where (%) is the generated photo-current, Iy; are the CW electrical signals gener-
ated by each separate mode, I3 is the beat signal, and w; and ¢; are the frequencies
and phases of the optical signals [Siegman 86]. Note that all the sum-frequency
terms have been neglected, since they cannot be detected. The I;5 term is given
by the overlap integral between the transversal distributions of the two modes U;,

and it is written as:

fo= [ [ UiV, v)dsdy (1.2)
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In practice, the degree of spatial overlap between the two modes can be de-
scribed using a parameter m, called the spatial mixing efficiency, which varies from

0 (no overlap) to 1 (complete overlap).

DUALMODE
DFB

PD RF Spectrum
Analyser

Figure 1.3: Schematic of the photo-mixing experiment, showing its principle of

operation.

In the heterodyne scheme, when the incident optical fields are narrow-line with
a stable frequency difference, then the photo-generated electrical signal is itself a
clean, narrow-line sinusoid. The other main advantage of this technique is its wide
range of tunability, which is limited only by devices used and by the bandwidth of
the photoconductive element.
Although the scheme has been known for many years [Forrester 55], [Teich 68],
its exploitation to generate signals in the THz range is more recent [McIntosh 95].
Since then, a large number of works about photo-mixing at GHz and THz frequen-
cies have been reported, using different laser systems, from two separate lasers to
dual-wavelength sources, and different detection schemes. A detailed review of the
most interesting laser systems for heterodyne mixing is given in the next paragraph
(1.3).
Apart from research on potential laser sources, extensive work into other aspects
of photo-mixing has been carried out, to improve frequency response and perfor-
mance, in terms of stability, noise and linewidth. Different detectors have been

employed, such as low-temperature-grown GaAs (LTG-GaAs) [Hyodo 96], and fast
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photodiodes (PD), like traveling-wave (TW-PD) [Stohr 01] or unitraveling-carrier
(UTC-PD) [Ito 04].

Ways of improving the quality of the generated signals have also been proposed and
investigated, in particular for the case of two separate lasers, since the performance
is limited by the phase noise of each source, which is converted to the mm-wave
domain [McIntosh 95, Braun 98]. Improvements in performance were recorded by
using the optical phase lock-loop technique (OPLL) [Ramos 92], [Langley 99], or
the optical injection locking technique [Goldberg 83]. However, OPLL requires
narrow linewidth lasers (« MHz) and short loop propagation delay, which is a
limitation to its feasibility, while relatively wide linewidth requires very short loop
propagation delay (< cm) in order to achieve acceptable phase noise reduction.
On the other hand, optical injection locking can provide low phase-error variance,
but its locking range is limited by stability considerations [Walton 98|. Introduc-
tion of an integrated technique, combining OPLL and OIL, called optical injection
phase-lock loop (OIPLL) [Bordonalli 94], has proven to be a step forward in terms
of performance. Another way to improve the stability of generated signals is by
using an external modulation, as by adding a subharmonic sinusoidal modulation
to the current injected into a dual-wavelength source [Grosskopf 00].

After reviewing the available technology and system options, the general conclu-
sion is that best suited sources for photo-mixing are lasers that can simultaneously

emit two different wavelengths [Tani 00].

1.3 Dual-wavelength laser sources

In recent years, photo-mixing using two modes emitted by the same laser source,
the so-called dual-wavelength (or dual-mode, or two-color) lasers, has become in-
creasingly popular [Tani 05] and these sources are today subject of extensive re-
search [[PHOBAC |. Reported experiments employ a very wide range of sources,

from solid-state and fiber-based lasers, to semiconductor devices.
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Among solid-state lasers, dual-wavelength emission has been reported in a Nd:YVO,
laser operating at two different transition levels [Chen 00], in a system consisting
of two resonators and a common gain medium [Siebert 02, and in a more com-
pact systems as a dual-mode microchip laser [Hyodo 96]. Dual-wavelength fiber
ring lasers have also been used to generate microwave signals [Chen 06], showing
the advantage of having only one gain medium, which reduces the modes relative
fluctuations. However , both solid-state and fiber-base systems are complex and
large sources.

A lot of effort has been made to exploit two-colour external-cavity (EC) laser
systems, that consist of a laser diode coupled to an external mirror. Various ex-
amples can be found in the literature, such as devices using a biperiodic grating
[Hidaka 91|, a fixed optical grating [Hoffmann 04a], an external fiber-Bragg-grating
[Wang 05b], or in a VECSEL (vertical external-cavity surface-emitting laser) con-
figuration [Leinonen 05]. Nonetheless they are mechanically critical devices, not
suitable as portable sources. Microfluidic dye lasers have also been investigated
as potential dual-wavelength sources [Kou 06]. Again, they are complex and me-
chanically unstable sources.

The alternative to the above-mentioned systems is given by dual-mode monolithic
devices. In fact, looking at reviews of laser sources for photo-mixing applications
[Razavi 98, Tani 00, Matus 04], it appears that monolithic dual-wavelength lasers,
DFBs and DBRs in particular, are the most suitable for this application, thanks

to their spectral quality, stability, compactness and integrability.

1.3.1 Monolithic dual-wavelength lasers

The first reported dual-mode DBR laser is by [lio 95], later the device was specif-
ically employed in photo-mixing experiments [Gu 98]. In this case, two-colour

emission is achieved by defining a phase-shifted grating, on an AlGaAs-GaAs ma-
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terial. The reflection spectrum of the grating shows two reflection peaks, where
the centre wavelength is selected by the grating period, while the spacing between
the two peaks is determined by the phase shift section. The laser spectrum was
assessed under different driving conditions, showing three regimes: single longi-
tudinal mode operation at the shortest wavelength for low injection current, two
longitudinal mode operation for medium injection current and single-mode oper-
ation at the longer wavelength for high injection current. The explanation is that
the gain peak moves to longer wavelengths as the injected current is increased,
while the peaks of the DBR section do not move. Two-mode operation occurs
when the gain peak wavelength coincides with the centre wavelength of the Bragg
peaks. More recently, Coleman reported a dual-wavelength InGaAs-GaAs DBR
laser [Roh 00] based on a ridge-waveguide structure, comprising a gain section and
two grating sections having different Bragg periods, hence the two-colour spectrum

(Fig. 1.4). Tuning of one grating was achieved by injection current, showing a large

Figure 1.4: [Roh 00]: The two wavelengths are defined by two gratings with dif-

ferent periods.

shift between the two modes, up to 6.9 nm. Other lasers comprising two gratings
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have been reported, for example in a Y-junction configuration, as in [Teng 00],
where a quantum well (QW) intermixing technique is employed for fabrication, or
in a more complex structure [ODaniel 06], where the two different gratings are one
on the p-contact side and the other on the n-side. Presently the four-section DBR
laser (gain, phase section, and two gratings) is the most appealing dual-wavelength
source for photo-mixing applications, mainly due to its wide tuning range.

The most popular alternative to DBR. lasers is the DFB laser, due to its reduced
technological complexity. The first reported dual-wavelength integrated DFB laser
is by Dutta [Dutta 86]. The device was fabricated by defining a second-order Bragg
grating, using the re-growth technique, then defining two separate, although very
close, ridge-waveguide structures. Dual-wave emission was demonstrated, aim-
ing to applications in wavelength multiplexed optical systems. Another reported
dual-wavelength DFB laser is a multisection long-cavity DFB laser [Lima 95]. The
DFB structure was specially modified to obtain laser oscillation on both sides of
the stop-band, the mode spacing was adjusted to the desired frequency by specifi-
cally designing the coupling coefficient. Two modes around 1.55 um, with 60 GHz
spacing, were detected, and by tuning the bias current the mode spacing could
be adjusted to 40 GHz. Two-section DFBs were also used as microwave sources
[Wang 99], and more recently a dual-wavelength InGaAsPInP multi-section (MS)
DFB laser was reported by Sartorius [Mohrle 01]. This structure comprises three
sections: two single-mode DFBs, having different Bragg periods, and a phase sec-
tion in between them, for wavelength tuning (Fig. 1.5). This laser is also called
self-pulsating (SP) DFB laser, since the amplitude superposition of the two CW
single modes produces a beating type self pulsation (SP).

Other types of two-colour monolithic lasers are a vertical cavity surface emitting
lasers (VCSEL) and dual-QCLs. Pellandini reported on a dual-wavelength VCSEL
comprising two cavities, placed one on top of the other, and coupled through a
common mirror [Pellandini 97]. The main limitation for such structures is that

they are not integrable with other optoelectronics device, such as semiconductor
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Figure 1.5: Three section DFB: two active ones, having different periods, and a

phase adjustment section [Mohrle 01].

optical amplifiers (SOA) or photodiodes (PD). A dual-mode interbancl cascade
laser incorporating two active regions was demonstrated in [Garcia 97], and re-
cently in [Yan 06].

Double core devices have also been reported, either using a stacked active layer
(SAL) technique [Beernink 94], or with a more simple regrowth [Uchida 05].
Another interesting integrated device that is able to emit simultaneously two lon-
gitudinal modes was proposed very recently by [Wilk 07]. It is a waveguide laser
with a 7.5 pin wide ridge, designed on purpose for guiding two transversal modes,
as shown in Fig. 1.6. Since the two modes have slightly different propagation con-
stants, their operating wavelength is also slightly different, hence the possibility to
generate a frequency difference signal. This laser is very appealing due to its con-
ceptual and technological simplicity, moreover it takes advantage of the common
cavity for increased stability. However, since the two modes have a limited spatial

overlap around 50%, this source is not optimum in terms of photo-mixing efficiency.
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Figure 1.6: Far-field profiles of the dual-mode laser by [Wilk 07], (a) at 100 mA,
(b) at 400 mA.

1.3.2 Some applications of dual-wavelength lasers

Dual-wavelength lasers have other applications besides photo-mixing. Among
them, a significant effort is put into researching new clual-wavelength monolithic
lasers for optical data, storage and processing, as several recent papers on the sub-
ject testify [Tojo 05], [Uchida 05]. These devices look very appealing because they
comply with the requirements of robust, compact and low-cost sources, that are
essential in the field of optical recording systems.

Dual-mode lasers find also applications in optical remote sensing, for instance in
differential absorption lidar (DIAL) [Yu 97] and two-wavelength interferometry
[Gurov 99].

Finally, one of the most consolidated applications for monolithic multiwavelength
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laser diodes is for wavelength division multiplexing (WDM), in communication

systems.

1.4 Distributed reflector lasers defined with lat-
eral gratings

There are two main ways of creating gratings on distributed feedback lasers : i)
by defining them during the growth process, which is known as "re-growth” tech-
nique, ii) by post-growth fabrication, that is by etching surface gratings. In the
re-growth technique the grating is defined by etching it very close to the active
region, then filling it, by standard growth techniques, with a material having a dif-
ferent refractive index. On the other hand surface gratings, sometimes reported as
shallow, or index-guided, gratings, are defined by etching into the upper cladding,
hence causing a periodic variation of the refractive index of the guiding structure.
The advantage of the first approach is a strong interaction of the mode with the
grating, while the second one is technologically more simple and flexible. Since the
purpose of this project is to show the feasibility of the integrated dual-wavelength
laser, it was chosen to use surface gratings. Among the possible approaches to
define surface gratings, a very convenient way is to periodically vary the width of
the waveguide. In the literature, this type of structure has been named in a vari-
ety of ways, the most used being lateral grating [Miller 91] and laterally coupled
[Tiberio 94], sidewall grating [Wong 93], and vertical grating [Wiedmann 01].
First demonstration of a laser incorporating this structure was given by Miller in
1991 [Miller 91]. They showed laser operation of a lateral grating DFB fabricated
on InGaAs-AlGaAs material, under pulsed conditions. Fig. 1.7 depicts Miller’s
device.

The same type of structure was later fabricated on GaAs-AlGaAs material, by Abe

[Abe 95], in 1995. Single-mode operation under CW conditions was also demon-
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strated [Yee 99].

Subsequently this type of structure has been widely exploited, in various optical in-
tegrated circuits (OIC). Arrayed structures for instance were fabricated [Miller 91]
for high-power applications, while Kim [Kim 03] fabricated a new structure called
"distributed reflector”, that integrates a lateral DFB laser with a lateral DBR
reflector.

Recently, it was shown that accurate design of the ridge-waveguide, along with

high-quality dry-etching, can lead to very good lasing performance [Wang 05a].

Figure 1.7: Schematic diagram of the lateral DFB RWG laser reported by
[Miller 91].

Wang showed low threshold and a very high SMSR of about 45 dB from a
standard lateral grating DFB laser fabricated on InAlGaAs-InP material.
A slightly different type of lateral grating was fabricated by defining metal grat-
ings alongside the laser ridge wave-guide [Kamp 99]. In this case the grating acts
as a periodic absorber for the evanescent part of the propagating mode, hence
causing complex coupling. In the literature, the shallow gratings, that are etched

into the upper cladding, are referred to as index-coupled DFBs, while the gratings
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etched into the active region, or into a loss providing layer, are called gain-, loss-
or complex-coupled DFBs.

A further development on the field of laterally complex-coupled gratings is the in-
troduction of a focussed ion beam (FIB) technique [Rennon 01], to define complex-
coupled DFB laser, without need for post-growth.

Another example of lateral grating laser, which shows the strong potential of
this technology as a platform for monolithic integration, was recently reported
in [Strain 06]. In this work the lateral grating was designed in order to introduce
a chirp in the optical signal, to compensate for the chirp typically generated by
mode-locked lasers.

A device similar to the lateral grating laser is the photonic wire (PhW) Bragg
grating [Gnan 06]. This structure differs from lateral gratings in its size, which is
much smaller (ridge-widths are around a few hundred nanometres), and hence it
induces a stronger perturbation over the mode, which can no longer be assumed
unchanged along the direction of propagation. It follows that approximate analyti-
cal approaches, such as the coupled-mode solutions or the transfer matrix method,
do not hold for such structures, and more complex numerical techniques, such as

the Floquet-Bloch expansion, are required.

1.5 Conclusions

Today the generation of signals in the far-IR range is a very active topic of research,
due to its many applications in key areas of research, such as astronomy, medicine
and security. After a thorough review of potential sources, photonic techniques
appear to be very promising candidates. In particular the optical heterodyne
technique is the most appealing approach to achieve tunable THz sources, due
to its wide range of frequencies. From a review of potential sources for photo-
mixing, dual-wavelength monolithic devices appear to be best suited, due to low

power consumption and low production cost, and above all due to their common
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cavity, which allows generation of very stable beat signals (section 3.4.1). Finally,
a review of the lateral grating structure, which was chosen as building block of
the Bragg reflector lasers, was given showing its potential in the integration of

different functionalities on the same chip, without need for material re-growth.
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Chapter 2

Theory of Bragg reflector lasers

The most common way to achieve single-mode operation in semiconductor lasers is
by using a grating structure, either in a passive (DBR) or active (DFB) configura-
tion. These types of devices, which have been developed since 1971 [Kogelnik 71],
still today are subject of extensive research as fundamental elements in optical
integrated circuits.

In this Chapter the analysis of Bragg grating lasers is addressed, alongside some
characteristic features and effects, which are useful to the understanding of the

experimental results.

2.1 Coupled-wave equations

Distributed Bragg reflectors are optical guiding structures in which a periodic
perturbation of the refractive index along the cavity length causes coupling be-
tween forward and backward propagating waves. This effect, known as backward
Bragg scattering, from the name of the scientist who first discovered it [Bragg 13],
produces coherent coupling between EM fields that propagate with wavelengths
satisfying the Bragg condition [Agrawal 93]:

_ m/\B
A= e, (2.1)
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where A is the grating period, Ap is the wavelength of light propagating within
the structure (Bragg wavelength), n.yy is the effective refractive index of the mode,
and m is the grating order. Due to this effect, the Bragg reflector substantially
behaves as a wavelength dependent mirror.
The effect over the fields involved can be described starting from the general wave

equation (Helmholtz equation):

d*’E

—=+ n(2)ke’E =0 (2.2)
where the field E is given by the sum of the forward and backward propagating

waves, and n(z) is the axially varying refractive index, and kg is the wavenumber

27 /\p. Starting from a general solution of the form:

where the z- and y-axis define the plane perpendicular to the z direction of
propagation of light, U(z,y) is the transversal field distribution of the mode, and
g is the mode propagation constant, by substituting the expressions for E, kg, and
n(z) = nepp + An(z), in Eq. 2.2, after neglecting second order derivatives, one

obtains a set of equations that relate the counter-propagating waves:

dE . .
dz W' | iABEpw = —jkEpw (2.4)

dE , .
% — jAPEpw = jkErw (25)

Eqs. 2.4-2.5 are known as coupled-wave equations. Here Af is the detuning
between ( and fy, while k is a parameter called coupling coefficient, that accounts
for the coupling between the two fields (it is usually reported in cm™!). The most

general definition for k can be derived from the coupled-wave theory, and it results:

. k(% ffgrating AE(.’B, y)Uz(:z:, y)de‘dy (2 6)
" eys I, Uz, y)dzdy '

where Ac is the dielectric perturbation. & basically measures the strength of

the interaction between the propagating field and the perturbation on the material
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caused by the presence of the grating.

General solutions to the coupled-wave equations are of the form [Buus 05]:

Erw(z) = [cosh(’yz) - ]ATG sinh('yz)] Erw(0) — '%Ksinh('yz)EBW(O) (2.7)
Epw(z) = J; sinh(vz) Epw (0) + [cosh(’yz) + lﬁ—ﬁsinh('yz)] Epw(0) (2.8)

with v defined as 4% = k%> — AB?. The coupled-wave theory here presented,
despite giving accurate predictions, is based on a few approximations, and a more
rigorous analysis can be carried out using the Green function [Buus 05]. Interest-
ingly however, this approach, which is in principle more accurate, gives the same
results as the coupled mode theory.

The solutions given in 2.7-2.8) can be re-written in matrix form as:

E Erw(0
)| ey | PO (2.9)
ng(z) EBw(O)
where M(z) is:
sh(vz) — 228 sinh(vz —2% sinh(yz
M(z) = o (7‘) ! br2) T (72) (2.10)
¥ sinh(yz2) cosh(yz) + Lﬁ—ﬂ sinh(yz)

In the literature, Bragg laser analysis is sometimes reported as transfer matrix
theory. As mentioned above, Eq. 2.9 is simply a re-formulation of the coupled
mode theory which makes use of matrix formalism, that proves to be a very pow-
erful tool, by allowing direct analytical solution to the coupled mode equations

[Carroll 98).

2.2 DBR lasers

DBR lasers are edge-emitting lasers in which at least one of the two facets is
replaced by a Bragg reflector. In this case the grating structure is passive, i.e. it

does not provide any optical gain. The behaviour of a DBR grating as a wavelength
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dependent reflector is conveniently described by its power reflectivity R(\), that
is given by [Buus 05]:

_ k%sinh® (YLppr)
A2 sinh? (vLpgr) + ? cosh? (vLper)

It is interesting to investigate how the coupling coefficient x and the reflector

R()) (2.11)

length Lppr can affect the performance of the Bragg grating. Fig. 2.1(top) shows
the power reflectivity R versus A at a fixed k, for different grating lengths, while
Fig. 2.1(bottom) shows R(\) for different coupling coefficients, for a fixed grating
length.

It appears that R increases when both k or Lppgg increase, however the reflec-
tivity width (also known as stop-band width) is affected in a different way, since
for higher « it broadens, while for longer gratings it reduces.

Note that for a wavelength A = Ap the power reflectivity reduces to:
R = tanhz(ﬁ;LDBR) (212)

showing that the magnitude of reflection at the peak wavelength A\p is de-
termined only by the kLpggr product, also known as the normalised coupling
coefficient. From this relation it is clear that the coupling coefficient measures
the strength of reflection per unit length. The curve describing the peak power
reflectivity R(Ag) as a function of kLpgg is shown in Fig. 2.2.

From Eq. 2.11 it is readily found that (for ABLpgr > «Lppr) the first zeros

of R are at:

ABLppr = v/ (kLppr)* + (7)? (2.13)

A useful tool in treating a DBR laser structure is to approximate it with a
Fabry-Perot (FP) cavity [Yee 95]. In fact, a DBR laser with reflector length Lpgg
and gain section length L4 can be analysed as an equivalent FP laser whose length
is given by L4+ Less, where Ly is the effective length of the Bragg grating, defined

as:

Less = ¢ (2.14)

ap
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where 0 is the phase shift of the DBR section. For A= A#, L¢ff becomes:

tanh(AKLDBR) /(11

Leff = (2.15)

YAW.

From Eq. 2.15 it results that LcJ approaches LDBR for small values of k,

L=200 um
L=400 um
L=800 um
- 0.6
£ 04
0.2
1349 1350 1351
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— k=50 /ecm
— k=100 /ecm ~
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Figure 2.1: Simulations of the spectral response of a generic passive Bragg reflector,
having length LpBR and coupling coefficient k. Power reflectivity vs. wavelength,
for a grating with Kk = 25 cm "1, and different lengths Ldbr — (200, 400, 800)"m

(top); for Ldbr= 300 ftm and different k¥ = (25,50,100) cm-1 (bottom).



2.2. DBR LASERS 39

kL

Figure 2.2: Power reflectivity of a distributed Bragg reflector at Ag, as a function

of kL.

while for high Kk it decreases. In this view, the Bragg reflector can be seen as
a wavelength selective mirror which overlaps the frequency comb of longitudinal

modes created by the FP cavity, hence leading to single-mode operation.

2.2.1 Another approach to the DBR analysis

Another, more simple, approach which can be used to model Bragg reflectors is the
multi-reflection layers analysis. This approach, which is accurate for deep-etched
and microstruct.ured mirrors, treats the grating structure as a stack of reflective
layers, using the Fresnel formula for plane waves r = Ari/2neff [Buus 05]. More
precisely, following the Macleod analysis [Erwin 07], it can be shown that the stack

reflectivity can be defined as:

(2.16)
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where Y is the optical admittance C/B, and the terms B and C are derived from

the characteristic matrix for the multi-layer system:

B g cosd,  jsin(é,/n,) [ 1 ]

(2.17)

C =1 | jnsin(d,) cosd, Nm

where n, is the refractive index of the r-th layer, n,, is the refractive index of the

substrate, 4, is defined as z{nrdr = kdopt, and d, is the thickness of the layer.

2.3 DFB lasers

A DFB (distributed feedback laser) is a laser source in which the effects of Bragg
grating reflections and optical amplification are combined, hence its name.

For the case of a structure with non-reflecting mirrors, since the laser consists
essentially of an active periodic structure, its analysis can be carried out from the
2.4-2.5 taking into account the gain by replacing A with AgG + j go, where gy
is the field gain. The oscillation condition is then found by taking into account
the boundary conditions for the system. It is important to notice that this device
differs substantially from usual laser cavities, where the boundary conditions for
the internal waves are determined by outcoming waves, incident onto the mirrors
[Kogelnik 72]. Since the distributed feedback structure is a self-oscillating system,
the internal waves start from zero amplitude at the boundaries, receiving their
energy via scattering from the counter-propagating wave. From this observation,
the boundary conditions Epy (0) = Egw(L) = 0 follow. Re-writing Eq. 2.9 for

the case z = L:
Erw (L) = M1 (L)Epw(0) + Mi12(L) Egwy (0) (2.18)
Epw(L) = M21(L)Erw(0) + Ma2 (L) Egw (0) (2.19)

it is found that the boundaries conditions require the Ms; term to be set to zero,

hence leading to the expression:

)+_1(A,5+—]go)
Y

cosh(yL sinh(yL) =0 (2.20)
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which is known as the oscillation condition (see A7.10) for the ideal DFB laser.

The ~ coefficient that appears in the previous equation is:
7= K2~ (AB+ ] g0 (2.21)
The oscillation condition can be re-written as:
vLcoth(yL) = —j(ABL + j goL) (2.22)

From this condition it results that for any given set of values xk and L there is
only a discrete number of allowed solutions, in the form of (Ag, go) eigenmodes.
This is due to the fact that, in contrast to FP and DBR lasers, gain and phase
are linked through the complex number AgZ + j go. In general, solutions to Eq.
2.22 have to be calculated numerically, however for the case of KL >> 1 there is
an asymptotic solution for the mode with the lowest required gain. Results from
numerical calculations carried out at different KL values are shown in Fig. 2.3.

From this plot it can be noticed that the mode having the lowest required gain
(first lasing mode) is not at the Bragg wavelength, as for DBR lasers. Moreover,
the degeneracy effect creates a pair of first lasing modes symmetrically located
across the Bragg wavelength.
A characteristic parameter highlighted from this analysis is the distance between
the two first degenerate modes Ag, called stop-band width. It depends only on
the kL product and, for the case of an ideal DFB laser with non-reflecting facets,
it has to be calculated numerically. However, for high kL values Ag is well ap-
proximated by 2xL. It can be shown that QW, previously derived
for passive structures (Eq. 2.13), can be used as a very good approximation for
calculating the stop-band width of DFB lasers. As kL decreases the normalised
mode spacing approachés 7, which is the same as for a Fabry-Perot laser of length
L. Fig. 2.4 shows a comparison between the numerical solution for a DFB laser,
the asymptotic solution 2«L, and the exact solution for a DBR laser.

The simplest way to remove the DFB mode-degeneracy is by introducing a

cleaved facet, in order to lift the symmetry of the structure. This can be accounted
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Figure 2.3: Amplitude threshold gain oL (i.e. goL) vs. detuning 6L (i.e. ABL)

for a mirrorless index-coupled DFB, for different values of the kL product, from

[Shiraz 96].

for in Eq. 2.22 by introducing the facet complex reflectivity re?:
ycosh(yL) + [F(AB + jgo) + jrre 2] sinhyL = 0 (2.23)

where 0 is the phase angle due to the fraction of period left close to the cleaved
facet. Since in practice it is not possible to control the facet cleaving position
within the grating period (for first order gratings this is around 200-250 nm), the
phase shift introduced by the facet has to be treated as a statistical variable. A
numerical solution of Eq. 2.23, for different values of kL, is shown in Fig. 2.5.
From this result it is clear that the mode-degeneracy previously shown has been
lifted, leading to single-mode behaviour.

Another way to ensure single-mode operation in DFB lasers is, for instance, the

introduction of a A\/4 phase shift at the centre of the structure [Buus 05].
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Figure 2.4: Normalised stop-band width vs. kL product, for an ideal DFB laser
with non-reflecting facets: ([0) numerical solution, (x) approximation for high L

values, (¢) approximation for low kL values.

2.4 Wavelength tuning mechanisms

In the case of DBR and DFB lasers, tuning of the emission wavelength is achieved
by tuning of the Bragg wavelength. From the Bragg condition 2.1 it is clear that
the only parameter which can be varied is the effective refractive index of the
grating structure. This can be changed by varying the operational temperature
of the device or, in the case of DBR lasers, by carrier injection into the grating

section.

2.4.1 Thermal Tuning

Temperature changes in semiconductor lasers affect the emission wavelength either
by changing the gain peak wavelength or by varying the refractive index of the

grating structure, giving increased operation wavelengths at increased temperature
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Figure 2.5: Amplitude threshold gain oL vs. detuning §L for a DFB with finite

reflectivities, for different values of the xL product, from [Shiraz 96]

levels. Standard Fabry-Perot lasers show the same temperature dependence as the
gain peak, with a tuning efficiency around 0.5 nm/°C, while for DBR and DFB
lasers the lasing mode is function of the refractive index only, giving a tuning
of 0.1 nm/°C[Buus 05]. This translates in a very fine control over the emission
wavelength for single-mode lasers. On the other hand, this also means that when
the plasma effect is used as a tuning mechanism, the thermal effect due to heating
of the device tends to compensate the refractive index decrease caused by carrier

injection.

2.4.2 Tuning by current injection

The refractive index in semiconductors can be varied by changing the carrier con-

centration, that is by current injection. There are three main effects which affect
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the refractive index: i) free-carrier absorption, or plasma effect, ii) bandfilling, and
iii) bandgap shrinkage [Bennett 90] (see Fig. 2.6). Free-carrier absorption is an
intraband effect, given by absorption of a photon by a carrier, which can move to
a higher energy level within the same band. It gives a decrease of the refractive
index.

Bandfilling results in a blue-shift of the absorption peak, due to electrons filling the
lowest energy states, hence electrons from the valence band (VB) require energies
greater than the bandgap to be optically excited to the conduction band (CB).
Bandgap shrinkage occurs when the electron concentration is large enough for the
electrons to behave as a gas of interacting, repelling, particles. This yields to a
lowering of the CB edge. This effect tends to produce an increase in refractive
index.

However, what is most important for tuning applications is the global effect caused
by the combination of the three effects. It was shown, from both theoretical and

experimental works, that at injection levels below 10'® cm™3, and wavelengths

around the bandgap, the result is a negative variation of the refractive index.

2.4.3 Phase tuning section

In DBR lasers, in order to improve their tuning performance, a more advanced
structure, known as three-section DBR laser, is usually chosen [Coldren 95]. It is
basically a DBR laser that includes an additional passive section, located between
the gain and the grating section (Fig. 2.7). This additional section allows to intro-
duce a small change of the refractive index, by carrier injection, which translates
into a variation of the cavity length. This causes a very small shift of the comb
of cavity frequencies, thus it allows for a very "smooth” wavelength tuning. This
section is generally called phase section, since it allows for an independent control

of the phase.
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Figure 2.7: Typical three-section DBR laser, from [Coldren 00].

2.5 Spectral linewidth

Laser light is, by definition, produced through a process known as stimulated emsis-

sion, which generates photons having all the same energy and phase, so that they
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add up coherently. However, in a real laser source, light is also generated by spon-
taneous emission (SE), which creates photons having random phases, causing real
devices to have a finite linewidth. Since spontaneous emission is a random process,
laser linewidth analysis has to follow a statistical approach. Assuming that the
phase distribution of SE photons follows a Gaussian distribution, which is correct
for a large number of photons, it follows that the laser lineshape has a Lorentzian
shape [Buus 05]. From statistical analysis, it can be shown that the laser linewidth
Av is given by:

hm)g(a,- + Q) AmNesp
8P

AI/ST = (2.24)

which is known as the Shawlow-Townes law. Here hv is the photon energy, v,
is the group velocity, a; are the internal loss, a,, are the end loss (or mirror loss,
see A7.3), ngp is the spontaneous emission coefficient, and P is the optical power
per end, which can be written as:

P Vg amSV,hv

o (2.25)

where S is the averaged photon density, V, is the volume of the active region
and I is the confinement factor of the mode.
Eq. 2.24 defines the quantum limit for the laser linewidth, i.e. it gives the nar-
rowest possible linewidth. However, for diode lasers a significant correction factor
has to be added to the previous formula, to account for carrier density changes.
Eq. 2.24 then becomes:

hvvl (0 + oun) Qg

=P (1+a%) (2.26)

Avsra =

which is labelled as the Shawlow-Townes-Henry law, from the name of the scientist
who introduced the correction factor ay [Henry 82]. The a factor, also known as

the linewidth enhancement factor, is defined as:

o _OW/ON 2.27)
7 on"/ON '
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where On'/ON and 0n" /ON are respectively the rate of change of the real and of
the imaginary part of the refractive index with respect to carrier density. This
factor accounts for the link between optical gain g and refractive index n, and
hence phase (see (3.4)). The effect of ay is to increase the minimum linewidth
by coupling gain fluctuations to refractive index fluctuations, thus to the emitted
wavelength via changes of the effective length of the cavity. As an example, every
spontaneous event changes the population inversion and thus changes the refractive
index, so if for instance n changes g fluctuates, causing frequency noise. Note
also that due to (2.27), and to dispersion in semiconductors, ay results in being
wavelength dependent. This can be usefully exploited in DFB lasers, where the
Bragg wavelength can be detuned from the gain peak, using negative detuning to
have a lower value of ay.

The narrowest linewidth reported to date for a DFB laser is 3.6 kHz, by Okai
[Okai 93]. It was achieved by using a material with low a;, high xL, which gives low
am, and a distributed phase shift, to reduce spatial hole burning, hence allowing
single-mode operation at high power levels. While for DBR lasers the lowest

reported up to date is 25 kHz [Lammert 97].

2.6 Optical injection locking

Optical injection is a technique consisting in seeding a laser (slave) with a signal
coming from a second source (master). If the frequencies of the two lasers are suf-
ficiently close, the slave is "forced” to oscillate at master frequency, hence locking
takes place. Injection locking phenomena can be described by taking a very gen-
eral approach, which applies to any systems consisting of two coupled oscillators.
The locking relation between the two oscillator is given by the Adler’s equation
[Annovazzi-Lodi 98]:

_ K/Tin
es+1

Aw

(ap cosgs — singg) (2.28)
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where Aw is the frequency detuning, K is the relative amplitude of the injected
field, 7;, is the cavity round trip, ay is the linewidth enhancement factor, and eg
and ¢g are the stationary solutions of the system. From this formula it results
that locking takes place within a certain range of frequencies Aw, known as locking
range, and this Aw is a function of the injection strength, so that as the intensity
increases Aw widens. Another frequency range is also defined, the pre-locking
range, in which a phenomenon called frequency pulling takes place. These different
zones of injection can be seen in Fig. 2.8. Note that at high levels of injection

more complex behaviours can be seen.
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Figure 2.8: A typical map of locking range as a function of frequency detuning

and injected power, from [Fukushima 03].

2.7 Conclusions

This Chapter is intended to help understanding the laser modelling described
in Chapter 3, the technological choices made in Chapter 4, and the analysis of

the experimental data reported in Chapter 5 and Chapter 6. The coupled-mode
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theory, that describes the behaviour of Bragg grating lasers, was presented. The
key parameters Bragg wavelength Ap, coupling coefficient x, and stop-band width
Ags were introduced. The effect of mode degeneracy, which is typical of DFB
lasers, was discussed; fundamental formulae were described for future reference.
The effects of wavelength tuning and finite laser linewidth, which are relevant to
distributed reflector lasers, were described. The phenomenon of optical injection
locking, which was exploited in the experimental work on dual-wavelength lasers

(Chapter 6), was introduced.
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Chapter 3

Modelling of the Bragg lasers

In this research single-mode DBR and DFB lasers were developed, along with a
novel dual-wavelength device, based on a lateral grating structure. This Chapter

illustrates the work carried out in order to design the reported devices.

3.1 Modelling of the ridge-waveguide structure

The waveguide was modelled using a commercial mode finder software called
FIMMWAVE [Photon Design |, based on a fully vectorial approach. In these cal-
culations in particular the FIMMWAVE FMM Solver was used, which is a fully
vectorial solver based on the mode matching method, optimised for rectangular
geometry waveguides like epitaxial structures.

Simulations were run searching for both transverse electric (TE) and transverse
magnetic (TM) fields, within a six quantum well Al-quaternary material (section
4.1). The aim was to optimise the ridge-waveguide (RWG) structure in order to
ensure single transversal mode operation. Results showed no TM guiding, which
is what expected in this type of ridge-waveguide structures. The ridge waveguide
width was determined by choosing the optimum trade-off between single-mode op-
eration and technological limits, which proved to be a 2.5 ym wide ridge structure,

while to achieve single-mode operation the depth was chosen to be around 1.7 um
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(Fig. 3.1).

horizontal/ pm

Figure 3.1: Simulated plots of mode propagation in the optimum ridge-waveguide

structure: transversal section (top), and 3D distribution (bottom).

3.2 Modelling of the lateral grating

Modelling of the lateral grating structure was carried out starting from the general

expression for the coupling coefficient (Ecp 2.6). Firstly, the geometry of the
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grating was chosen to he rectangular, for simplicity of design and fabrication.

Figure 3.2: Schematic of the lateral Bragg grating, showing the design parameters

6 (aspect ratio), h (etch-depth), and w (grating recess).

In this case the expression for kK reduces to [Agrawal 93]:

where rq and ri2 are the refractive indexes of the semiconductor and of the dielectric
layer respectively, neif is the effective refractive index of the guided mode, and 6
is the duty cycle, or aspect ratio (see Fig. 3.2), of the grating. The parameter
Fy, which in general represents a confinement factor, in this case represents the
fraction of mode energy confined within the grating region. It is defined as:

= liftang g2(=. V)™V
IL £2T v)dxdy

(3.2)

In order to maximise the first factor in Eq. 3.1 to 1, the grating was chosen to

be first order (rn= 1), with aspect ratio 3= 50%, hence Eq. 3.1 simplifies to:

(3.3)
~Bncff
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The period A was calculated from the Bragg formula A = As/2neyy, using
the effective refractive index calculated for the optimum RWG structure using
FIMMWAVE. Since neff was found to be 3.3, the grating period A at 1.35 fxm
was calculated to be around 205 nm.

In order to estimate using Eq. 3.2, it was followed the approach suggested in
[Agrawal 86], where the field distribution E (x,y) is approximated to be that of
a structure in which the grating pitch is a continuous medium having dielectric
constant eavc given by the average between ¢! (semiconductor) and e2 (Sio2 layer),

as in Fig. 3.3.

InAIGaAs-InP epilayer

average region

ave £InP =ave

Figure 3.3: Schematic of the approximated lateral grating structure used to sim-

ulate the grating confinement factor Fg.

Using the relation n = >/e, and taking = 10.1 and e2 = 2.1, nave was found
to be 2.47. The structure was simulated using FIMMWAVE, varying the depth
of the ridge h and the grating width w, and the calculated E(x, y) was integrated
over the grating region using MATLAB. By substituting the values for Fg into
Eq. 3.3, an estimate of the coupling coefficient can be given for different ridge

configurations. Fig. 3.4(top) shows simulated values of kK as a function of the etch
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depth h, and Fig. 3.4(bottom) simulated & for different recess depths w.
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Figure 3.4: Dependence of k over (top) grating etch depth (w=0.5 pm), (bottom)
recess depth (1.7 pum etch depth); for a RWG width of 2.5 ym covered with a SiO,
(n(Si02)=1.44) insulation layer.

From these plots it can be noticed that x depends critically on the geometry of

the structure, in particular on the etch depth. The reason is that the confinement
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of the mode is very sensitive to variations of the RWG depth: if the ridge is too
deep the mode will be more confined in the horizontal direction, if it is too shallow
it will be more confined in the vertical direction. In order to guarantee good single-
mode operation, the grating was finally designed to have a 0.5 ym recess and a
1.7 um etch depth. This geometry should give a 75 cm coupling coefficient, which
for a 600 um long DFB gives a high kL product of 4.5.

3.3 Modelling of the single-mode lasers

Initial modelling was performed on single-mode DBR lasers. Since from previous
simulations the k coefficient was estimated to be around 75 e¢m™!, the reflector
length L, was designed to be 300 um, to give high power reflectivity. However,
later measurements showed that x was lower than predicted, therefore, to increase
the power reflectivity, the grating length was increased to 750 um. The length
of the active section was designed to minimise the threshold current Iy, following
the theoretical model for MQW lasers by [Kurobe 88]. Recalling Eq. 2.15, and
assuming 20% reflectivity from the DBR mirror and 30% from the cleaved facet,
and using the material parameters already measured by oxide stripe laser (OSL)
assessment, the optimum length for the gain section L4 was found to be 550 um.
It was also necessary to estimate the band-gap wavelength shift required for the
grating section, in order to obtain optimum balance between high tuning efficiency
and low absorption losses. This was done using the Kramers-Kronig relations,
which are dispersion relations that relate the real part of the refractive index to
the imaginary part, and vice versa. The expression that relates the change of the
real part of the refractive index An to the change of the absorption Aa (or gain
Ag) is:

An(w) = EP/oo —Aa—(ﬂdw' (3.4)

0

T w? — w?
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Figure 3.5: Results from measurement of absorption and refractive index change,
on Al-quaternary material, for different applied voltages (Courtesy of A.J. Seeds

(UCL)).

where > is the optical frequency. This relation is routinely used to calculate the
refractive index profile from losses measured over a wide range of frequencies.
The typical dependence of the two components of the complex refractive index
n = nr + ni as a function of the optical wavelength, are shown in Fig. 3.5.

Using results from [Wong 05] the optimum wavelength shift was chosen to be
60 nm.
Design of the single-mode DFB lasers followed the experimental results obtained
from testing of the first batch of DBR lasers, for which lasing was recorded from
devices having 210 nm period. Since the DBR lasing wavelength was slightly blue
shifted with respect to the gain peak wavelength, in order to define a Bragg wave-
length that was 10 nm higher, some DFBs were designed (using Eq. 2.1) to have
211.6 nm period. The lateral grating was still chosen to be first order, with 50%
duty cycle, 2.5 /an RWG width, and 1.7 gm etch depth. In order to investigate the
effects of some design parameters over the lasing properties of the devices, recesses

were chosen to be 500 nm and 800 nm.
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3.4 Modelling of the dual-grating lasers

The implementation of the dual-wavelength device was focused on the requirements
of a reliable, compact and low-cost solution for dual-mode operation, which could
be exploited to generate frequency difference signals. The novel structure proposed
in this work, that consists of a single cavity on which two different grating periods
are located, undoubtedly meets all the requirements, since it is a simple structure,
that comprises only one section, it requires the same technology as for single-
mode DFBs, and in principle it offers the same lasing performances (I, SMSR,
linewidth) as for standard DFBs. Moreover, the use of an integrated dual-mode
laser has an advantage in the optimisation of optical alignment, which makes the
spatial-mixing efficiency m close to 1 (section 1.1), and it should also give modes
with the same state of polarisation, determined by the epitaxial structure.

Besides this, the double-grating laser was expected to offer a major benefit in

consisting of only one cavity, as it will be explained in the next section.

3.4.1 Common-mode-noise rejection effect

If one considers the case of photo-mixing of two separate and independent lasers,
due to the fact that the two sources are affected by uncorrelated noise terms,
the quality of the generated microwave signal is affected by the combination of
the two noises. On the other hand, the case of two modes propagating within
the same cavity is much more favorable in terms of stability since, although the
absolute frequencies of the two modes might drift, the fluctuations that arise from
electrical, thermal or mechanical variations, are common to the two modes, hence
they are subtracted from the difference frequency [Siegman 86|. This phenomenon,
known as common-mode-noise rejection effect, was recently stressed by [Tani 05],
who proposed to describe it using a mathematical expression called common-mode

rejection ratio (CMRR). The CMRR is the ratio between the average frequency
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shift for each laser mode and the shift in the difference frequency:

AF \/(Af12+Af22)/2
N A faifs

This expression gives a measure of the stability of the generated beat signal

CMRR =

(3.5)

with respect to each separate mode. Experimental demonstration of the common-
mode effect was reported by [Hyodo 96], using a dual-wavelength microchip laser.
In that case the linewidth of each separate mode was around 100 kHz, while
the generated GHz signal showed a linewidth of 430 Hz, giving a reduction of
1/230. Nonetheless, it is important to note that for the case of a monolithic device
mechanical and thermal fluctuations are negligible compared to external cavity

and microchip lasers, so the expected linewidth reduction is much smaller.

3.4.2 Competition between two modes

The most crucial question faced when designing the dual-wavelength laser was
whether the device was capable of supporting simultaneous oscillation of two laser
modes. In fact, although the cavity can potentially support two longitudinal fre-
quencies, in practice the modes might have different gain, losses and saturation
parameters, which can cause competition for the available population inversion in
the cavity [Siegman 86]. For instance, oscillation of one mode can reduce the avail-
able gain and prevent the other mode from lasing. In the case of a semiconductor
laser, the phenomenon of mode competition is a very complex problem, since it
depends on many parameters, among which gain saturation effects, and spatial
and spectral mode overlap. Here a simple model for mode competition analysis is
reported, to help understanding what are the possible situations. This approach

follows the notation used by Lamb, and later by Sargent [Sargent III 74].

dI
d_tl = [aq — i1 — b2 2] 1y (3.6)
dr.

2 = [ag — Boly — Oa1 1] 12 (3.7)

dt
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where I; are the mode intensities, a; are the gain minus loss terms for each
mode, and §; and 0;; are the self-saturation and cross-saturation coefficients, re-
spectively. The g; and 6,; coefficients depend mainly on the spatial overlap between
the modes, on their spectral overlap, and on the gain medium (homogeneous or
inhomogeneous). Their calculation is quite complex, however, as an example, for
the case of a homogeneous medium and two incoherently related modes closely
spaced near the centre of the gain, these four coefficients have approximately the
same value. On the other hand, in the case of an inhomogeneous medium, the
cross-saturation effect is much smaller than the self-saturation.
Steady-state solutions to this set of equations are found for by setting the a; —

Bil; — 0;1; factor equal to zero:

I = (a1/61) — (612/51) ]2 (3.8)
I = (02/02) — (021/62) 11 (3.9)

These equations can be represented on a I; vs. I3 plane and, depending on the
way they do or do not intercept, one finds different situations, as shown in Figs.
3.6-3.7-3.8.

Note that the T points in Fig. 3.6-3.7-3.8 do not correspond to physical so-
lutions (see the previous set of Eqs. 3.7). Looking at the case of no intercept
(Fig. 3.6), the O; and O, solutions represent regimes of single-mode operation,
while a further potential solution O3 appears when the two lines intercept (Fig.
3.7-3.8), which represents two-mode operation. In order to figure out which of

these solutions are stable, it is convenient to introduce a coupling factor C, in the

form:
012021
C = 3.10
B152 (3.10)
which is used to express the O3 solution as:

o — 912042/52
L(03) = ——— 3.11
1(0s) ) (3.11)

ag — o1 3+
I,(03) = b (3.12)

G2(1 = C)
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Figure 3.6: Solution to the mode competition analysis: no intercept.

simultaneous oscillation
° 2=a2p.

Figure 3.7: Solution to the mode competition analysis: O3 is stable solution, while

0 1 and O2 are unstable.

Steady-state conditions are then found by performing a small-signal analysis,

which yields the following results:
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0=alp.

bistable oscillation

Figure 3.8: Solution to the mode competition analysis for the case: both 0| and

0-2 are stable solutions, while O3 is unstable.

+ Fig. 3.6 0 1 is a stable solution, O2 is unstable

* Fig. 3.7 In the C < 1 condition (weak-coupling), both 0 7and 02 solutions

are unstable, while O3 is stable

* Fig. 3.8 In the C > 1condition (strong-coupling), both 01 and 0 2 are stable,

while O3 is unstable

3.5 Conclusions

The design of DBR and DFB lasers was reported. InAlGaAs-InP single-mode
DBRs were designed o11 a ridge waveguide geometry. Using a commercial soft-
ware, it was found that single-mode operation was achieved with a 2.5 /im wide
waveguide. The corresponding effective refractive index was used to design the
Bragg grating period, at 1.35 fin1 wavelength, which was found to be 210 nm. Fur-

ther simulations were run to estimate the strength of the coupling coefficient ft, for
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different widths and etch depths of the ridge waveguide, with a 50% duty cycle. In
order to have a & of around 75 cm™!, the Bragg grating was chosen to be 1.7 um
deep, 300 um long, and with 0.5 um recess. Taking into account the reflectivity of
the grating and of the cleaved facet, the optimum length of the active section of
the DBR laser was estimated to be 550 um. The band-gap of the passive section
was also designed to be blue shifted by 60 nm, using QWI. Design of single-mode
DFBs followed the first experimental results from the fabricated DBRs. The ridge
waveguide parameters and the grating period were confirmed, while lengths were
varied between 600 um and 1 mm. Since the lasing wavelength of the DBR. lasers
was slightly blue shifted, some DFBs were designed with a higher Bragg period
of 211.6 nm, which was estimated to increase the lasing wavelength by 10 nm.
Moreover, since testing of early devices gave lower x than designed, subsequent
batches were etched deeper, to give a higher coupling coefficient.

Dual-wavelength DFBs were designed with the same ridge waveguide geometry
as for the single-mode devices, aiming to achieve simultaneous lasing of two dif-
ferent Bragg frequencies within the same cavity. The motivation for this choice
came from the so-called common-mode-noise rejection effect, as it was explained
in detail. Finally, to help understanding the various regimes which can take place
in multi-mode oscillators, a simple model on competition between two modes was
presented. This shows that simultaneous dual-mode operation is predicted under

weak-coupling conditions.
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Chapter 4

Device fabrication

In this research InAlGaAs-InP DFB lasers, both single- and dual-mode, were fab-
ricated. Single-mode DBRs were also fabricated on the same material, to show the
potential for integration of these devices. In this Chapter the material employed,
with its main characteristics, is presented and the processing required to fabricate
lateral gratings, Fabry-Perot lasers, DBR and DFB lasers is described in detail.
An overview on the technological issues which were highlighted during the work

will be also given.

4.1 InAlGaAs-InP MQW material structure

The devices reported in this thesis were fabricated on an InAlGaAs-InP multi-
quantum-well (MQW) wafer emitting at around 1.35 um, that was grown by
molecular beam epitaxy (MBE). The material, known as Al-quaternary alloy, is
considered very promising due to low threshold current and high-temperature op-
eration [Lin 99]. The cap layer is a heavily doped (p = 10'® cm™®), 200 nm thick
Ing 53Gag.a7As. The upper cladding comprises a 1600 nm InP layer (p = 10'® cm™3),
a 20 nm undoped InP layer, a 5 nm undoped Ing 75Gag 25AsgcPo.4 layer, a 30 nm
undoped InP layer, a 50 nm p-doped Ings2Aly 48As (p = 5- 1017 cm~3) layer, and
a 50 nm p-doped Ings2Alp4GagosAs (p = 5- 1017 cm™3) layer. The active region
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consists of six 6 nm thick In0.73A10.i65Gao.i05As quantum wells (QWs) and seven 10
nm thick Ino.s2Alo.3cGao.22As barriers. The lower cladding consists of a 50 nm n-
doped Ino.5s2Alo.4Gao.osAs (n = 5-1017 cm-3) layer, a 50 nm 7%doped Ino.s2Alo.4sAs
(n = 51017 cn f3) layer, a 20 nm n-doped Ino.52Alo.4Gao.osAs (n = 1018 cm-3)
layer, and a 50 nm n-doped InP (n = 1018 ¢n f3) layer. The whole structure was
grown on top of an n-doped InP substrate. It is worth noticing that the material
structure comprises a higher energy band-gap layer, Ino.52Alo.4sAs, to minimise the
thermal roll-off effects and enhance the carrier confinement [Minch 99], which can
also be used as a dry-etch stop-layer [Shinoda 03]. Fig. 4.1 shows a schematic of

the material, while the detailed epilayer structure is reported in Tab. 4.1.

0.2 pm InGaAs

1.65 pm InP

50nm InAlAs

5599
50nm InAIGaAs 10 nm In0 52410 36Ga0 12As

50nm InAlGaAs

50nm InAlAs
50 nm InP

InP substrate

Figure 4.1: Schematic of the InAlGaAs-InP material used.

Two wafers (MBE3183 and MI3E3186) with identical composition and slightly
different characteristics were employed in this research. They were characterised
by fabricating and testing oxide stripe lasers (OSL). From the assessment, the

threshold current at infinite length Jth{oo) was estimated to be 1.23 kA/cm2 and
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THICKNESS [nm] MATERIAL DOPING [cm 5]
200 Ino.s3Gao.47As 1019 Zn
1600 InP 1018 Zn
20 InP

5 Ino.72Gao.28As0.6Po.4
30 InP
50 Ino.s2Alo.48As 51017 Be
50 In0.s2A10.4Ga0.08As 51017 Be
6X 6 Ino.73Alo.i6sGa0.iosAs
7 X 10 Ino.s2Alo.36Gao.12As
50 1In0.s2A10.4Ga0.08As 51017 Si
50 Ino.s2Alo.48As 5 1C17 Si
20 In0.s2A10.4Ga0.08As
50 InP
S-doped InP

Table 4.1: Epilayer structure of the material used in this research.

0.62 kA/cm?2, for MBE3183 and MBE3186 respectively. After these results, initial
work was carried out on the less performing material (MBE3183), then, once the
technology had proved to be mature, devices were fabricated on the MBE3186

wafer material.

4.2 Grating fabrication

In order to optimise the parameters required to define the Bragg structure, pre-
liminary fabrication tests were performed on sets of different gratings. Since the
grating period is in the range of 200 nm, electron beam lithography (EBL) is

required to define the designed pattern.
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4.2.1 Electron beam lithography

EBL is a type of lithography in which an electron gun (e-beam) is used to expose
an electron sensitive layer, usually an organic polymer, called resist. Exposure
of resist to the e-beam induces a reaction, which causes the resist to become
either more or less sensitive to a developer solution. This lithographic technique,
thanks to small beam sizes and very precise stage control, which makes use of
an interferometric technique, offers very high resolution, down to 10 nm or less
[Macintyre 06]. Moreover, since it is a direct writing technique, i.e. the beam
is scanned along the sample, it is a very flexible tool, hence useful for research
purposes. However, it has some disadvantages, which are mainly high maintenance
costs and long writing times, compared to other patterning techniques such as
optical lithography (photolithography) or direct imprint lithography.

The EBL machine used in this work is a EBPG5-HR100 (Electron Beam Pattern
Generator), made by Leica Microsystems Lithography. The EBPGS5, also called
beam-writer or e-beam machine, is a commercial tool capable of writing features
down to 20 nm. The first step in fabricating the gratings was to find the optimum
e-beam parameters to define the pattern. EBL masks that comprised the recessed
gratings were designed using a computer aided design (CAD) software called L-Edit
[Tanner EDA |. After performing tests using different resists recipes and e-beam
doses, the resist mask was chosen to be a 200 nm thick polymethyl methacrylate
(PMMA) bi-layer. Writing tests with different pitch aspect ratios and different
recess depths were then carried out, searching to optimise the process performance,
both in terms of rendering and of writing time. In fact, it is very important to
maximise the efficiency of the process, by minimising the writing time, not only
to reduce machine costs, but also more importantly to avoid temperature drift
effects. The optimum mask was finally designed to have 75:25 aspect ratio, as
shown in Fig. 4.2.

Due to an effect known as prozimity effect, the actual grating pattern, that
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Figure 4.2: Bragg grating pattern, as it was designed with L-Edit.

Si 50 keV

Figure 4.3: Monte Carlo simulation of a Si substrate irradiated by an e-beam,

showing backscattered electrons, from [Macintyre 06;j.

appears on PMMA after sample development, has 50:50 aspect ratio, has designed
in 3.2. The proximity effect is due to backscattered electrons that, are generated
within the sample when it is irradiated, and it causes beam spreading, as shown
in Fig. 4.3.

In this work the proximity effect proved advantageous in reducing the writing
time. In general, however, this effect is a major problem when writing narrow
features, since it broadens the patterns. In practice, it is usually corrected by

using a software tool that, after simulating the effect in the material of interest,
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allows adjustment of the e-beam dose to achieve the wanted electron distribution.
In this work possible detrimental effects of proximity on the required features
were investigated by comparing results from gratings fabricated with and without
proximity correction. Interestingly, from these tests it appeared that the effect was
minor, and introduction of correction did not produce any noticeable improvement.
For this reason the rest of the work was carried out without use of proximity
correction.

Another critical issue related to EBL is the stitching effect, which is generated
by the limited writing field of the EBL (typically 800 ym by 800 um). To write
patterns larger than the writing field, the sample has to be mechanically moved
and realigned to the EBL axis. Even the most accurate mechanical stage produces
stitching errors between writing fields in the order of 40-60 nm, which introduce
phase jumps in the grating. This was circumvented by ensuring that the grating
lengths were within block size dimension and by adjusting the pattern design in
such a way that the critical parts of the pattern were away from block boundaries.
Finally, the optimum pattern was defined using two 100 nm thick 2041 PMMA
layers, an e-dose of 310 uC/cm?, and no proximity correction. Fig. 4.4 shows a
resist pattern defined using the above parameters: the pattern is very clean and
well defined.

Patterning of dual-gratings was also carried out using EBL. In this case the
pattern was designed by defining two independent structures, one on each side of
the waveguide, in order to be able to assign a different step resolution to each of
them. This approach is illustrated in Fig. 4.5, where a typical dual-wavelength
grating layout is shown. In this picture each colour corresponds to a different
Bragg period, which is written by using its own specific resolution. Importantly,
although the resolution difference required for the gratings is lower than that of
the machine, in practice the significant parameter for writing dual-gratings is the
differential resolution. Due to the fact that any mechanical perturbations of the

system are seen by both, the common mode error is extremely low.



4.2. GRATING FABRICATION 70

Figure 4.4: Scanning electron micrograph of PMMA resist mask (top view), re-

porting the actual grating sizes.

Figure 4.5: Pattern of a dual-wavelength Bragg grating, as it is designed using

L-Edit.

4.2.2 Reactive ion etching

After defining the PMMA pattern by EBL, to avoid depletion of the mask during

the next etching steps, the pattern was transferred into a 200 nm thick plasma
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Figure 4.6: SEM picture of the SiC>2 mask (detail).

enhanced chemical vapour deposition (PECVD) Sio2 layer by reactive ion etching
(RIE). Plasma is initiated in the chamber by applying a strong radio frequency
(RF) EM field, then, due to a large voltage difference within it, (positive) ions
tend to drift toward the wafer platter, where they collide with the samples to
be etched. Unlike wet-etching, dry-etching can provide a very anisotropic attack,
which allows definition of vertical structures.
The first clry-etching step was the mask transfer from PMMA into Si02, using
CHF3. The result was assessed using a scanning electron microscope (SEM); Fig.
4.6 shows a detail of the etched Si02 mask, that proves good definition of the
grating pattern.

To assess the effectiveness of the SiCU mask, etching tests were first carried out
011 AlGaAs-GaAs samples, whose etching process is well established. GaAs etch-
ing was performed using SiCfj in a BP80 machine (Oxford Plasma Technology).
Inspection of the fabricated gratings, using an SEM, gave very promising results,
showing very well defined and narrow structures (Fig. 4.7). Fig. 4.7(right) shows

a detail of the lateral grating, where two distinct vertical profiles can be recog-
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nised: this feature was due to different material composition within the ridge,
which was then affected in a slightly different way in the vertical direction during

the dry-etching process.

Figure 4.7: Grating fabrication tests on an AlGaAs-GaAs sample: (left) first-order

lateral grating on a ridge-waveguide structure; (right) zoom on the grating pitch.

Subsequently, test structures were fabricated on InAlGaAs-InP test samples.
Using Sio2 as an etching mask, the InP cladding was etched using CH.4 and H2
gases, in an ET 340 (Electrotech Plasmafab). SEM inspection of the etched Al-
quaternary samples showed a well defined, vertical profile, as it can seen in Fig. 4.8,
although the profile roughness is much higher than on the AlGaAs-GaAs material
system. This confirms that etching of quaternary alloys has not yet reached the
same maturity as that of GaAs processing. On the other hand, it is worth noting
that in shallow etched gratings the mode only interacts with the very bottom area
of the grating, therefore the roughness on the top of the waveguide does not affect

the device performance.
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Figure 4.8: Grating fabrication test on an InAlGaAs-InP sample.

4.3 Fabrication of DBR and DFB lasers

DBR and DFB lasers were fabricated on the InAlGaAs-InP multi-quantum-well
(MQW) material emitting at 1.35 /mi. Table (4.2) lists the main technological
steps undertaken in the fabrication process.

Fabrication of DBR lasers differs from DFBs in that, it is preceded by a process
known as quantum well intermixing (QWI), aimed at shifting the bandgap of the
grating section. This process is reported in detail below, in section (4.3.1). Once
intermixing has been completed, fabrication of DBRs and DFBs can carry on
simultaneously.

First, gold markers are defined on top of the sample, as reference marks for the
next EBL steps, using lithography (either optical or electronic), gold evaporation
and metal lift-off. Next, the required laser pattern is defined, using EBL on PMMA
resist. The pattern is transferred into a 200 nm thick PECVD Sio2 layer, and then
the ridge-waveguides are etched into the InP upper cladding layer. Subsequently,
a 200 nm thick insulating layer (Sio2) is deposited, and contact windows are

defined on top of the ridge structure, and etched using dry-etching. The contact
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Markers
Lithography
Metal Deposition
LIft-OfT

PECVD SI02Deposition

RWG and Grating Definition E-beam Lithography
Si02 mask Etching
InP Etching

Si02 Mask Stripping HF acid wet-etch
PECVD Si02 Deposition

Contact Windows E-beam Lithography

Si02 Etching
. P-type Contacts
PECVI? ASIOZ E-beam Lithography
Deposition Metal Deposition
Intermixing Pattern E-beam Lift-Off
Definition Lithography Sample Thinning
Si02mask
Etching N-type Contact Metal Deposition
Sputtered Si02 Contacts Annealing @ 360 C for 1 minute
Deposition .
Cleaving
Annealing
Mounting

Si02Mask Stripping

Table 4/2: (left) DBR sample preliminary processing, in order to shift the bandgap

of the grating section; (right) DBR and DFB laser fabrication steps.

pattern is defined on the p—side by EBL, and a Ti-Pd-Au metal layer is deposited,
using electron-gun evaporation (Plassys). The sample is thinned to a thickness
of approximately 250 gm, using a mixture of water and AI203 powder. Finally,
an r?-type contact layer is deposited on the substrate side, and the sample is then
annealed at 360 °C for 60 seconds. The devices are cleaved, only at one end, to
provide optical output and reduce facet reflection effects, and mounted on top of
brass mounts, using an epoxy adhesive film.

Ridge-waveguide lasers were also fabricated o011 the InAlGaAs-InP multi-quantum -
well (MQW) material emitting at 1.35 pm. Since the required processing steps are
identical to what described above for DFB lasers, it was possible to fabricate them
simultaneously, alongside DBRs and DFBs, on the same sample. A schematic of

the necessary technological steps is illustrated in Fig. 4.9(top), while the final
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result for a RWGL is shown in the SEM picture in Fig. 4.9(bottom).

Al-quaternary 2nd lithography
Ist iithography Window opening
Ridge waveguide Contacts deposition

Figure 4.9: (top) Schematic of the RWGL fabrication process; (bottom) Transver-

sal section of a ridge-waveguide laser fabricated on the InAlGaAs-InP material.
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4.3.1 Intermixing

In order to passivate the Bragg section of the DBRs, i.e. to reduce losses in
the grating section, a quantum well intermixing (QWI) process [Marsh 99] was
used in this work. The process is aimed at shifting the core band-gap of the
grating, precisely to blue-shift it, to prevent direct band-gap absorption. In the
literature several techniques can be found, as in [Skogen 05], [Teng 00], or using
ion implantation [Rennon 01]. However, the technique available at Glasgow, and
that was employed in this work, is based on sputtered SiO;, which relies on the
generation of point defects during the sputtered silica deposition. By subsequently
annealing the material at high temperature (700-900 °C), point defects diffuse into
the QWs and promote interdiffusion between wells and barriers (Fig. 4.10). As a
result, the band-gap of the material shifts to higher energy. The main advantage
of this technique is that it is a fully post-growth process, hence it does not require
re-growth, that is generally a complex process.

Before processing the actual DBR samples, tests were carried out in order to
inspect the effect of intermixing on the InAlGaAs-InP material. Test samples were
assessed by measuring their photo-luminescence (PL) emission at low temperature
(77 °K), before and after annealing at different temperatures. A typical plot of
PL tests is shown in Fig. 4.11. The actual DBR samples were finally annealed at
750 °C, for 30 seconds, in order to shift the emission peak by 60 nm.

4.3.2 Optimisation of InP etching

Etching of InP is a critical technological step in grating definition. Although a
swift inspection of etched gratings on InP material sample shows vertical profile,
with precise definition of the grating pitch, as in Fig. 4.8, from a closer SEM
assessment it appears that the recesses are not so well defined. From Fig. 4.12,
for instance, it appears that the grating is not completely etched at the bottom of

the ridge waveguide.
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Figure 4.10: Schematic of the quantum well intermixing process.
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Figure 4.11: Intermixing tests: Photoluminescence measurements on material
3183, comparing PL emission from an as grown (AG) sample, a sputtered sample
annealed at 750 °C for 60s (with 15s raising time), and one annealed at 800 °C for

the same settings.
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IiIi
GEB3C 10.0kV 12.6mm x70.0k SE(U) 11/25/04 14:47 ' - '500nm * -

Figure 4.12: Grating fabrication tests on an InAlGaAs-InP sample, showing a not

fully opened recess.

The issue results even more clear when looking at a section cleaved at an oblique
angle (Fig. 4.13).

This is a detrimental feature which affects the coupling coefficient strength, re-
ducing the reflectivity of the fabricated structures. These etch results are probably
due to the formation of a polymer during CH4/H 2 run, which acts as a mask for
the ongoing etching process. It has been reported [Shinoda 03] that the addition of
a. small amount of O2 to the gas mixture partially removes the polymer. Moreover,
since in CH4/H 2/0 2 gases InAlAs has a lower etch rate than InP (ratio 10:1), the
InAlAs layer can be used as an etch-stop layer to ensure careful control o11 the
desired etch depth. Further etch tests were designed, in order to optimise the pro-
cess, using structures comprising shifted gratings. This geometry allows inspection
of the transversal section at different positions with respect to the grating period.
Preliminary tests were performed, adding O2 to the CH4/H 2 mixture, and varying
the RF power. As an example, Fig. 4.14 shows results from etching at higher
power (100 W), causing Sio2 mask depletion. Up to now, these experiments did

not lead to substantial improvements, and further extensive work will be needed.
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EAVING

GEB3C 10.0kV 12.7mm x30.0k SE(U) 11/25/04 15:09 1 OOum

Figure 4.13: Grating fabrication tests on InP: top view of lateral gratings showing

under-etching at the bottom of the ridge waveguide.

As a result of the non-complete etching, the coupling strength of the grating is
reduced. This reduction can be compensated at the design stage and it will be

discussed in more detail in the experimental section of the thesis (5.2).

4.4 Conclusions

The Al-quaternary MQW material employed to fabricate DBRs and DFBs in this
research was described. The technological steps required to define the devices were
described, stressing in particular those parameters and effects which are relevant
to the fabrication of good quality lateral gratings. The key processes were electron
beam lithography, reactive ion etching and quantum well intermixing. Results from
accurate assessment of InP gratings that were fabricated by RIE were described
more in detail. They showed some features which are detrimental to the device

performances; possible solutions which will require future work were suggested.
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Figure 4.14: Further InP fabrication tests: lateral gratings etched at higher power

(100 W), showing SiC> mask depletion, along with surface damage.



81

Chapter 5

Single-wavelength lasers

Lasers emitting one longitudinal mode were fabricated in the first stage of the
project, to check both the feasibility of the fabrication process and as a reference,
for future comparison with dual-mode lasers. Standard RWG lasers were also
fabricated alongside DBRs and DFBs, for further comparison. In this Chapter

results from the characterisation of these devices will be shown.

5.1 DBR lasers

In order to assess the properties of the lateral grating, DBR lasers were fabricated
varying several design parameters of the Bragg structure, so-called bracketing. Fig.
5.1 shows the design parameters under investigation. Assessed lengths (Lppg) of
the Bragg section were (100, 200, 300, 400) um, periods (A) were (200, 205, 210,
215) nm, recesses (w) (+500, -300, -500, -700) nm (here ”+” and ”-” indicate an
increase and decrease in the waveguide width, respectively), while the gain section
length L4 was designed to be 550 ym (section 3.3).

A few batches of samples comprising single-mode DBR lasers were fabricated,
all of them having an etch depth of 1.68 um.
Device testing was conducted under CW conditions, on a copper heat sink, over

a temperature range between 12.5 °C and 25 °C, by coupling light into a lensed
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Figure 5.1: Schematic of the lateral grating DBR laser, showing the design param -
eters LpBr (grating length), L4 (gain section length), A (grating period), and w

(grating recess).

single-mode fibre with an angled facet at the other end, to ensure optical isolation.

5.1.1 Lasing characteristics

The Light-Current (L-I) characteristic, that is the laser output power as a func-
tion of the injected current, was assessed by driving the devices at a constant
temperature, using a current source with integrated temperature controller (New-
port Model8000). The light was coupled into the lensed fibre, which was connected
at its other end to a photodetector (Anritsu MA9611A). The measured data were
collected through an automated Labview program.

Among the bracketed devices, those with 210 nm period and (-500, -700) nm re-

cess (from here on the sign will be omitted), showed a clear threshold, proving
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laser action. This information was also used to retrieve the effective refractive
index ness from Eq. 2.1, which was found to be 3.2, close to what predicted in
section 3.2.

Typical threshold current values I, were found to be around 70 mA, as shown in
the plot in Fig. 5.2left. The I, value is slightly higher than expected, probably
due to the fact that the recesses was not fully opened at the bottom of the waveg-
uide (section 4.3.2).

Optical spectra were also taken, using an optical spectrum analyser (OSA) with
0.07 nm resolution (Agilent 86140B), showing stable single-mode operation at
1344.4 nm (Fig. 5.2right).

5.1.2 Tuning

The tuning behaviour of the fabricated DBR lasers was assessed both by varying
the temperature of operation and by carrier injection into the grating section.
The temperature tuning coefficient was measured to be 0.09 nm/°C, for all the
single-mode devices. This value is in very good agreement with previously reported
results [Buus 05].

On the other hand, current tuning was not as effective as expected. On a first set
of devices, current tuning showed shifts of 0.2 nm for injected currents around 20
mA, and above that value of current the mode power decreased very rapidly. Such
small tuning range could be explained by measuring the spontaneous emission
spectrum from the DBR section: the results showed that the emission peak of
the intermixed section was at 1240 nm, which is 30 nm more than designed. Due
to the fact that the operating wavelength was far from the DBR bandgap, the
change in refractive index caused by injected carriers was very small. Further
tests on devices fabricated on a different sample, which had been blue shifted by
about 40 nm, lead to at most 1 nm variation, when injecting current up to 40

mA. In this case, the effectiveness of the QWI process was assessed by measuring
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Figure 5.2: DBR laser having A= 210 nm, Lpgr= 400 pm, waveguide width (W)
= 2.5 pm, 1.68 um etch depth, and active section L4=520 pm: (left) L-I curve;
(right) optical spectrum (resolution bandwidth = 0.07 nm).

absorption losses, using intermixed ridge-waveguides that had been fabricated for

this purpose, on the same sample alongside the DBR devices. The passive RWGs

were characterised using the Fabry-Perot technique, giving losses of around 5 cm™?,
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at the material emission wavelength of 1340 nm. These residual losses are likely
to be due to free carrier absorption in the doped claddings. The variable results
obtained on current tuning confirm that the effectiveness of the current-injection
tuning critically depends on the band-gap shift between the DBR and the active

section.

5.1.3 Measurement of the coupling coefficient

Various attempts were made in order to measure the coupling coefficient « for the
fabricated lateral gratings. Initially, transmission through passive grating struc-
tures was assessed, using a commercial tunable laser source (HP 8167B). However,
k proved to be too low to retrieve any useful data, and the only detected effect
was given by the Fabry-Perot cavity, defined by the sample cleaved facets. For
this reason angled waveguide structures were defined, but in this case coupling
of light from the tunable laser was practically impossible. Finally, the coupling
coefficient for the fabricated lateral gratings was estimated by measuring the trans-
mission from the back DBR grating using the spontaneous emission (SE) of the
active section as a light source. From these measurements the coupling coefficient
was estimated to be 8 cm~!, which is lower than expected. Again, this result is

explained by the fact that gratings were not well etched at the bottom of the ridge.

5.1.4 Comparison with ridge-waveguide lasers

Fig. 5.3 shows a comparison between L-I curves for a RWGL (L = 420 um, ridge
width W = 2.5 ym) and a DBR laser (A = 210 nm, Lpggr = 400 um, L4 = 520
pm, W = 2.5um). The first one shows a I, of 32 mA, while the DBR laser has
a 68 mA threshold. The higher I, of the DBR is explained by the low coupling
coeflicient, which gives a much longer cavity than the FP laser. A comparison
between spectra of the same devices is given in Fig. 5.4, showing that the grating

effectively acts as a narrowband filter overlapping the FP laser frequency comb.
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RWGL

Current [mA]

Figure 5.3: L-I curves for a RWGL (L=420 //m, W=2.5 “m) and a DBR (A =210

nm, Ldbr—400 /xm, LA=520 /im, W=2.5 /mi).

The temperature tuning coefficient of the RWG lasers was also measured, yield-
ing a change of wavelength of 0.42 nm/°C, which is about 5 times higher than the
DBR coefficient. The corresponding data are plotted in Fig. 5.5. This is a further

significant indication of the effectiveness of the Bragg grating |Buus 05).

5.2 DFB lasers

Single-mocle DFB lasers were also fabricated choosing different design parameters.
Grating periods were defined to be 210 nm and 211.6 nm, recesses were 500 nm and
700 nm, and lengths were chosen to range from 600 /mi up to I mm. Lengths were
chosen as a compromise between high enough KL product and e-beam patterning
constraints. Devices were fabricated on the InAlGaAs-InP material, and again

they were cleaved only at one end to avoid Fabry-Perot effects. Although DFB
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Figure 5.4: Optical spectra of a RWGL (L=4*20 fini, W=2.5 /zm) and a DBR (A
=210 nm, gm, La=520 gm, FF=2.5 /zm). Resolution bandwidth =

0.07 nm.

etch depths were initially defined to be the same as for DBR lasers, about 1.7 /an,
the majority of the DFB lasers were realised with deeper etch depths, between 1.8
fim and 2 /zm, in order to increase the grating effectiveness. This additional etching
depth provided a partial compensation to the decrease in the coupling coefficient
caused by imperfect etching inside the gratings. Testing of these devices was

conducted CW on a copper heat sink, using the same setup as for DBR lasers.

5.2.1 Lasing characteristics

Lasers showed stable single-mode operation between 12.5 °C and 25 °C, up to
three times the threshold current 1”. Fig. 5.6 shows a plot of the output power as
a function of injected current for a 210 nm period, 1| mm long DFB laser, which

shows a threshold current of 55 mA, at 15 °C. Fig. 5.7 shows an optical spectrum
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Figure 5.5: Wavelength vs. temperature dependence curves for a RWGL and a

DBR (same devices as in Fig. 5.3).

taken at 12.5 °C and 2.51” for the same device, which demonstrates a high SMSR
of more than 40 dB. This is a state-of-the art result for surface grating DFB lasers
[Wang 05a]. A result from DFB lasers, fabricated on the same sample, having 1.6
nm period spacing is plotted in Fig. 5.8. It shows that periods of 210 nm and
211.6 nm give lasing wavelengths spaced by 10 nm, which perfectly agrees with the
original design (3.3). Another result came from the fabrication of several batches
of DFB lasers: it was established that the tolerance on the absolute grating period
is around 1nm.

Fine tuning by varying the operation temperature and the driving current were
also assessed, giving values that are very similar to the expected 0.09 nm/°C that
was measured for DBR lasers.

Recalling that the stop-band width is related to the KL product (section 2.3), the

value of kappa can be estimated from the stop-band width of those DFB lasers
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Figure 5.6: L-I characteristic of a typical single-mode DFB laser, with period

A 210 nm, L=1mm, and recess(?n)=500 nm, etch depth A= 2 pm.

which were designed to be single-mode, but which lase on both sides of the stop-
band, due to the fact the mode degeneracy had not been removed by the phase
condition at the facet. Thanks to the fact that some lasers showing this behaviour
were found on the fabricated samples, their spectra were used to estimate « of the
corresponding sample (assuming an uniform yield of the dry-etching process). By
using the approximation APL ~ 2k.L, since the stop-bands were found to be 0.43
nm and 0.76 nm for a 1.89 pin deep and for a 2 pm deep sample respectively, their

K value was estimated to be 25 cm-1 and 42 cm-1 respectively.
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Figure 5.7: Optical spectrum of a typical single-mode DFB laser, with period A
=210 nm, L=1 mm, and recess (w)=500 nm, etch depth h= 2 ym. Resolution
bandwidth = 0.07 nm.

5.3 Conclusions

Results from testing of single-mode devices were reported. DBR lasers having 210
nm period and 1.68 um etch depth, with 520 um long active section and 400 pm
long grating section, showed effective single-mode operation, with I, around 70
mA. The coupling coefficient of these devices was estimated to be 8 cm™!, lower
than predicted due to shallow etching of the gratings. A comparison of the DBRs
versus RWG lasers fabricated on the same sample demonstrated the effectiveness
of the periodic structure in reducing the laser spectrum from multi-mode (Fabry-
Perot) to single-mode (DBRs). Moreover, temperature tuning assessment gave a
reduced dependence of the DBRs (0.09 nm/°C) with respect to the RWGLs (0.42
nm/°C), confirming the effectiveness of the Bragg grating. Single-mode DFB lasers
were also fabricated and tested. They had different periods (210 and 211.6 nm),
lengths (from 600 to 1000 um), and etch depths (from 1.8 to 2 um). The coupling
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Figure 5.8: Optical spectra of DFB lasers: (red) a 210 nm period laser at 182 mA,

(black) a 211.6 nm period laser at 192 mA. Resolution bandwidth = 0.07 nm.

coefficient was estimated to be 25 cm 1and 42 cm-1, for 1.89 /mi and 2 /mi deep
DFBs respectively. Due to the higher ft, best performing devices were the 2 /mi
deep DFB lasers: low threshold currents of 55 mA and SMSR higher than 40 dB
were recorded with 1 mm long devices. It was experimentally confirmed that a
1.6 nm variation of the grating period induces a 10 nm variation over the lasing
wavelength. From testing of DFB lasers belonging to different batches, it was
also observed that the EBL reproducibility of the grating period, from one run to

another, can vary by up to about 1.5 nm.
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Chapter 6

Dual-wavelength lasers

After demonstrating the feasibility of DBR and DFB lasers with the lateral grating
structure, dual-wavelength DFBs were fabricated. Alongside the new dual-mode
sources, three section DFB lasers were defined, to allow comparison with them.
In this Chapter, results on the optical assessment of the novel dual-wavelength
structure, such as L-I curves and optical spectra, are reported. In order to gain
a deeper understanding on the device performance, other device characteristics
were also carefully investigated, namely transversal mode distribution, four wave
mixing, and injection locking behaviour. Finally, preliminary results from the as-

sessment of the three-section lasers are reported.

6.1 Lasing characteristics

In order to gain as much information as possible, the double-grating DFB lasers
were fabricated varying several geometrical parameters of the structure. The dif-
ference in period between the two gratings was varied from 0.1 nm to 1.6 nm,
different etching depths were defined between 1.8 um and 2 pum, and the cavity
length was chosen in the range from 750 ym to 1.5 mm, to compensate for the low

coupling factor k.
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Figure 6.1: Schematic of the dual-wavelengt h laser, showing the design parameters.

Testing was conducted under CW conditions, with the laser chips mounted on
a copper heat sink.
Light-Current characteristics were acquired using the same set-up employed to
test the single-mode lasers (see section 5.1.1). Although a few batches of devices
were fabricated, with different etch depths and grating periods, the double-grating
DFBs which showed good dual-mode operation were all part of the same batch.
These devices were designed with a 2.5 pin wide waveguide and a 0.5 pm recess,
and the ridge was etched to 1.89 pm. The yield of the process was about 8 working
devices (some of which were damaged during testing) out of 24 dual-wavelength
lasers fabricated on the same sample. The results presented in this chapter were
thoroughly collected between 4 of these devices, and they are very consistent among
the tested lasers.
Typical values of the threshold current 1* are between 40 mA and 50 mA for 1.2
mm and 1.5 mm long devices at 15 °C. Fig. 6.2 shows a typical L-I curve up to

21//,.
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Figure 6.2: Light-Current (L-I) characteristic for a 1.2 mm long dual-wavelength
DFB laser.

6.1.1 Optical spectra

Optical spectra were inspected using the Agilent OSA (0.07 nm resolution). As
soon as the current crosses the threshold value, two lasing modes appear around
1347 nm, separated by 0.15 nm. The intensity of the mode at shorter wavelength is
slightly higher up to current values of 100 mA, after which the two modes oscillate
with the same intensity. Stable dual-wavelength lasing operation, with side mode
suppression ratio around 28 dB, was observed in the range 100-150 mA of injected
current. Fig. 6.3 shows a typical spectrum at twice L.

The emission wavelengths of the two modes were measured with higher accu-
racy by using the optical heterodyne method [Baney 98]. For devices with grating
period difference Ay — A; = 0.07 nm, A\; and Ay were found to be 1346.32 nm
and 1346.47 nm, yielding a measured wavelength spacing of 0.15 nm. This value

is in good agreement with the expected 0.16 nm spacing given by the formula
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Figure 6.3: Optical spectrum from a dual-wavelength DFB (A;= 1346.32, Ay=
1346.47), at 2I;,. Resolution bandwidth = 0.07 nm.

[Méhrle 01):
A1 — X =|AA - Ag | (6.1)

where the detuning AA = 2n.ss(A2 — A1) is 0.45 nm and the stop-band width Ag
is measured from the spectrum and it is 0.29 nm. A depiction of this situation is
shown in Fig. 6.4.

From the measured Ag value the coupling coefficient x was estimated to be 16

! is the coupling

cm™!. It is interesting to note that k < 25 cm™!, where 25 cm™
coefficient of the single-mode DFBs that were fabricated alongside this dual-mode
device, on the same sample (section 5.2.1). This result is explained by the fact
that in the double period DFB each periodicity is defined only on one side of the
RWG. Nonetheless x > 25/2 cm™!, since each A\i mode receives some feedback

from the other grating, due to the small detuning between i and A;.

Although the emitted light was expected to be transverse-electric (TE) polarised,
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Figure 6.4: Schematic of the modes of the dual-wavelength laser.

for completeness, due to the novelty of the device, the state of polarisation was
assessed using a Gian’s cube. The TE signal was 99.5 gW, while the TM was only
4.35 //W, which confirmed the initial assumption. This result is important in that
it maximises the efficiency of microwave generation when heterodyning the two

signals.

6.1.2 Transversal mode distribution

A very interesting feature observed on these new dual-wavelength lasers is that
the two longitudinal modes do not fully spatially overlap along the transversal
direction. In fact, by displacing an optical fibre along the transversal .r-axis, as
shown in Fig. 6.5, it was observed that the optical spectrum varied as a function
of the fibre position, as shown in Fig. 6.6.

Note that the zero position Ar0 along the iz-axis was set by maximising the
power of the background level, and this condition corresponded indeed to that of
the two modes having the same intensities. From the geometry of the device, it

was also possible to establish on which side of the ridge each mode was located.
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Figure 6.5: Schematic ofthe dual-wavelength laser, showing the .r-axis orientation.

The result, which is illustrated in Fig. 6.7, was that the i mode is confined in the
region underneath the j grating. This can be explained by recalling that the DFB
structure is a distributed feedback reflector, hence, since in the A, region the i
mode is strongly reflected in the backward direction, on that side of the waveguide
a weaker i mode is detected, and vice versa.

In order to have a better grasp of this effect, a more accurate set of data was
collected by moving the micropositioner by steps, and collecting the emitted power
per each mode. Fig. 6.8(top) shows the plotted data, as they were acquired in a
dB scale, while a more interesting picture appears when the data are converted
into a linear scale, as it can be seen in Fig. 6.8(bottom). The linear scale clearly

shows the Gaussian distribution of the modes.

6.1.3 Four-wave mixing

By inspecting the spectra of some dual-wavelength lasers on a large wavelength
span, it was observed that when the driving current was increased (above 130
mA, for dev2), two new sets of modes appeared at 1341 nm and 1351 nm. These

sets were located at about 5 nm from the two main lasing modes (Fig. 6.9).
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Figure 6.6: Typical optical spectra of dual-mode lasers, taken at different x posi-

tions: ©o corresponds to the centre of the RWG, while are at the sides of the

RWG. Resolution bandwidth = 0.07 nm.
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Figure 6.7: Schematic of the dual-wavelength laser, showing the location of the Ai

mode and of the A; period.

Interestingly these inodes did not show the spatial off-set previously reported.
When moving the fibre along the .r-axis, the two main modes at 1346 nm showed
partial overlap, while the relative intensities of the modes at 1341 nm and 1351
nm did not vary (Fig. 6.9). This result suggests that the new sets of modes are
originated by a single transversal mode, and that they are not affected by the
asymmetrical periodicity of the structure. Also, their symmetrical position with
respect to the main lasing modes suggests some type of four-wave mixing (FWM, or
4WM) effect, which was recently reported in other single-cavity two-mode lasers
[Hoffmann 04b] and in [Wilk 07]. A deeper understanding of this phenomenon
would require additional device characterisation that would go beyond the scope

of this work.

6.2 Photo-mixing experiments

In order to assess the capabilities of the dual-wavelength DFB laser for mm-wave
generation, photo-mixing of the two modes was performed. The experiment was

carried out by heterodyne mixing of the optical modes onto a fast photodiode (New
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Figure 6.9: Spectra of a dual-mode laser taken at different z positions, using a
broad span on the OSA, showing two sets of lateral modes. Resolution bandwidth

= 0.07 nm.

Focus IR Photodetector, Model 1014, 45 GHz, (950-1650) nm), previous optical
amplification (of around 10 dB) by a semiconductor optical amplifier (SOA). The
electrical signal generated on the detector was then acquired using an RF spectrum
analyser (40 GHz Agilent). Fig. 6.10 shows a schematic of the set-up used for this
measurement.

The result was a beat mode signal at 22.5 GHz, as shown in Fig. 6.11, which
confirmed indeed the 0.15 nm optical spacing reported above, when using the

formula freq = c%.
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Figure 6.10: Schematic of the set-up used for the photo-mixing experiments.
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Figure 6.11: Measured RF spectrum of the beating between the two modes. Span

= 3 GHz, resolution bandwidth = 1 MHz.

Typical RF power levels were in the range of -50 dBm, much lower than what
was expected. Hence, the conversion efficiency was estimated by using the formula

for the electrical power generated by photomixing [Donati 99]:

Pd = Khb6.2)

where R is the load and a is the detector responsivity. Since in the present
experiments R 50 @ and the optical power was around Popr= 0 dBm, the re-
sponsivity @ was estimated to be 0.02 A/W . It follows that the responsivity of the

photodiode is a major limitation to the maximum achievable RF power, as it is
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evident from Fig. 6.12.
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Figure 6.12: Electrical power generated by photomixing as a function of the de-

tected optical power, for a 50 €2 load, for different photodetector responsivities.

In order to estimate the stability jitter of the generated microwave signal,
measurements were performed setting different integration times, as it was reported
in [McIntosh 95]. Comparison of the beat signal linewidth measured from RF
spectra taken on different time-scales (the shortest sweep was 200 ms and the
longest one was 60 s), gave a very small increase in the linewidth of the beast
signal, from 65 MHz to 85 MHz, confirming that the single-cavity structure allows

for the generation of very stable beat signals.

6.2.1 Tuning

The RF frequency generated by photo-mixing is given by the separation between
the two optical modes, which are defined by the grating periodicity, hence it is pre-
dicted to be very small. However, due to interest in the potential for fine tuning,
the effects of current and temperature tuning were assessed on the new devices.

Results are reported in Fig. 6.13. As expected, by varying the temperature of
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operation, both wavelengths were affected in the same way, hence the microwave
frequency was almost constant over the inspected range of temperatures. This
result confirms once more the very good stability performances expected from the
single-cavity structure.

On the other hand, current tuning produced a different effect on each mode, caus-
ing a larger variation over the RF frequency. This result is probably due to a slight
asymmetry in the current injection, which might be caused by a very small shift
of the contact window with respect to the centre of the ridge WG. This feature

could be conveniently exploited as a very fine tuning mechanism.

6.3 Linewidth measurements

The linewidths of both separate modes were assessed by the optical heterodyne
technique [Baney 98]. This consists in beating the optical signal under test with
a very narrow single-mode laser. In these experiments the signals were sent each
through one input channel of a 50%-50% optical fibre-coupler (Fig. 6.14), and the
output was connected to a photodetector (45GHz New Focus), followed by the RF
spectrum analyser.

The narrow line source used in this work is a commercial 1.3 ym tunable
laser (HP 8167B), with 1 MHz linewidth. A typical RF spectrum acquired using
this technique is shown in Fig. 6.15. The full width at half maximum (FWHM)
linewidth of the separate modes was then estimated through fitting the detected
spectra with a Lorentzian function. From this assessment, typical linewidths were
found to be in the range between 110 MHz and 60 MHz.

In order to allow a comparison between the modal linewidths of both separate
modes and of their beat signal, the same measurement was carried out at different
current injection levels on both signals. The result is plotted in Fig. 6.16.

From this graph it appears that both curves show the typical inverse depen-

dence of the linewidth with respect to current level, which is expected from the
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Figure 6.13: Effect of tuning on the frequency of the beat signal: with respect to

temperature (top); with respect to current (bottom).

Henry law (section 2.26). However, the plot shows that while the linewidth of the
separate modes decreases modestly with respect to the injection level, the linewidth
of the beat signal shows a much stronger reduction. Note that the linewidth of
the other optical mode, which is not shown in the plot, is of the same order as
the one shown, and it has the same dependence over current injection. In order to
confirm this result, the same measurement was carried out on a different device,
showing the same trend (Fig. 6.17). These results confirmed what was expected

from the discussion given in par 3.4.1: modes lasing within the same cavity are
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Figure 6.14: Schematic diagram of the optical hetorodyne technique, showing the

experimental set-up used for the linewidth measurement.
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Figure 6.15: A typical RF spectrum detected using the optical hetorodyne tech-

nique. Span = 3 GHz, resolution bandwidth = 300 kHz.

subjected to common-mode-noise rejection effects, although they are not as strong

as in microchip lasers.

The most likely explanation for this phenomenon is that there is some sort of
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Figure 6.16: Mode linewidth as a function of the current injection, for one of the

two modes (¢), and for the beat signal (o).

coupling between the two modes, which builds up as the current level is increased.
The relation between the two modes depends on their degree of spatial overlap:
at low injection levels and for a small overlap, they behave as independent lasers
while, as the current is increased, a correlation builds up due to increased modal
overlap. This phenomenon is likely to be linked to the way the modes share the

carrier population [Valle 95].

6.4 Optical injection experiments

Optical injection locking experiments were performed on the two modes, using the
commercial 1.3 ym tunable laser. The device under measurement was connected
to the output of a 2x1 fibre-coupler, while the tunable laser and the OSA were
coupled to the two input ports (Fig. 6.18).
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Figure 6.17: Mode linewidth as a function of the current injection, for one of the

two modes (¢), and for the beat signal (o), on device 3.

At low current levels, it was observed that when mode 1 was injection locked
the intensity of mode 2 remained unaffected, and vice versa (as they are labelled
in Fig. 6.6). However, at higher driving currents, when one mode was injection
locked the power of the other decreased. This result suggests that at low driving
currents the two wavelengths are generated by substantially uncoupled transversal
modes, however as the current is increased the modes start to affect one another,
hence they couple between themselves. This behaviour confirms the previous ob-
servations about a carrier coupling effect taking place in the common cavity.
Injection experiments on the small side-modes immediately adjacent to the two
main lasing ones seemed to confirm this effect. However, due to their low intensity,

the effect was not as evident as on the two main modes.
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Figure 6.18: Schematic diagram of the set-up employed for the optical injection

experiment.

6.5 Comparison of the proposed laser with other

dual-wavelength lasers

Three section DFB lasers, similar to those reported by [Mohrle 01], were also
fabricated alongside the double-grating devices, to allow a comparison in terms
of photo-mixing performances. The geometry of the devices is shown in Fig.
6.19. They are basically two separate single-mode DFBs coupled through a simple
RWG section, to allow adjustment of the phase difference between the two modes.
Lengths were varied in the range of 600-750 fim for the laser cavities and 200-400
fim for the phase section, and periods were the same as for the dual-wavelength de-
vices. Final devices were cleaved at both ends to allow assessment of both lasers.

The two DFB sections were independently driven, while the phase section was
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either reverse biased or forward biased, to bring it to transparency. Assessment
of these sources did not lead to significant results, since few devices proved to
be able to emit two wavelengths simultaneously, and even in that case the lasing
performance was quite poor. This result is probably due to the fact that the two
wavelengths were very close to each other, so that they locked to each other when

they were mutually injected.

DFB2

Phase
Section

DFB1

Figure 6.19: Schematic of the fabricated three-section DFB lasers.

6.6 Conclusions

Results from testing of novel dual-wavelength DFB lasers, defined with two grat-
ings, one on each side of the RWG, were reported. Stable dual-mode emission in
CW operation was recorded from devices with a period spacing of 0.07 nm, and
an etch depth of 1.89 /im. The 1.2 mm long lasers showed a very low 1* of 40 mA.
and SMSR around 30 dB. The emitted wavelength were carefully measured using
an optical heterodyne technique, yielding a measured wavelength spacing of 0.15

nm, which was shown to agree very well to the design parameters. The coupling
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coefficient of these devices was estimated to be around 16 cm™!

, in good agreement
with the x measured on single-mode DFBs (Chapter 5). A characteristic feature of
the dual-wavelength DFB lasers was the partial spatial overlap of the transversal
mode distributions. Photo-mixing experiments were reported, at around 23 GHz,
to show the potential of the device for the generation of microwave signals. From
these results it was demonstrated that much stronger RF signals could be achieved
by employing a commercial detector with higher responsivity. Assessment of the
linewidths of both the separate modes and of the beat signal showed that the beat
signal linewidth experienced a much stronger decrease as the injection current was
increased. This result confirmed the benefit given by the common cavity. External
optical injection experiments were also performed, confirming that the two modes
are independent at low injection level, while a mode coupling builds up as the

current level is increased.
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Chapter 7

Conclusions and Future Work

This work was concerned with the realisation of single- and dual-mode Bragg grat-
ing lasers for generation of signals in the FIR to microwave region.

The design and processing required to define lateral grating structures was im-
plemented, and its potential in fabrication of DBR and DFB lasers was shown.
The same structure was successfully used to realise a novel dual-wavelength de-
vice. This source was thoroughly investigated, and its potential for generation of

microwave signals was demonstrated.

7.1 Conclusions on single-mode lasers

Fabrication of several batches of single-mode DBR and DFB lasers was carried out.
Assessment of these devices showed that the lateral grating structure is effective
in guaranteeing stable single-mode operation, at room temperature, with SMSR
larger than 40 dB. These results demonstrated that the technology here imple-
mented is reliable, with a tolerance on the absolute value of the grating period of
around 1 nm.

Assessment of the tuning behaviour of these devices showed the feasibility of very
fine tuning by temperature change, however it also showed that it is difficult to

achieve the optimum tuning condition using QWI alone, since the bandgap shift
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could not be easily controlled. Very accurate control over the bandgap shift has
to be achieved to allow efficient and broad wavelength tuning by carrier injection.
SEM inspection of the fabricated gratings showed that the pitch is not properly
defined at the bottom of the waveguide, where it couples to the propagating mode.
This lack of accurate control over the etch depth causes a reduction of the coupling
coefficient with respect to the designed value, and therefore it affects the perfor-
mance of the laser.

A substantial decrease in threshold current was achieved in the course of the re-
search, in particular through increases in the grating etch depth, and demonstrated
that a major improvement in the fabrication quality had been achieved. The
measured results on single-mode DFBs were in line with state-of-the-art devices

reported in the literature [Wang 05a].

7.2 Conclusions on dual-mode lasers

A novel dual-wavelength laterally coupled DFB laser, with two grating periods,
one on each side of the ridge waveguide, was realised. Stable emission of two longi-
tudinal modes, whose spacing was defined by the difference in Bragg periods, was
observed in CW operation, with very low threshold currents. Careful assessment
of their spectra showed that the transversal distributions of the two modes does
not fully overlap in the horizontal direction.

In order to explore the potential of the double grating DFBs for the generation
of microwave signals, photo-mixing experiments were performed. These measure-
ments proved the capability of generating signals in the GHz region, at the designed
frequency difference. Taking into account the limited responsivity of the detector
employed in the measurements, these results look very encouraging, since it was
shown that by using an improved detection scheme it is possible to produce much
higher GHz or THz power level. Assessment of the generated beat frequency at

different time spans showed a very stable signal, and this result was confirmed by



7.3. SUGGESTIONS FOR FUTURE WORK 114

testing under different temperature conditions, which showed a variation of the
generated frequency below 5%. Current tuning was assessed, showing the poten-
tial for very fine tuning of the microwave signal.

Another interesting result was given by assessment of the linewidths of both the
separate modes and of the beat signal. Although all the linewidths decreased
when the driving current was increased, as it is predicted by the Henry’s law, it
was found that the linewidth of the beat signal had a stronger decrease as the
injection current was increased. This result was explained by the fact that when
the carrier concentration increased the mode overlap increased as well, hence a
correlation between the two modes built up, causing the strong reduction of the
beat signal linewidth. The finding confirmed once more the benefits resulting from
the simultaneous oscillation of the two modes inside the same laser cavity.

In order to further investigate the characteristics of the two modes, external op-
tical injection experiments were performed. This assessment confirmed what was
previously found from the linewidths measurements: at low injection level the two
modes are independent, while as the driving current is increased a mode coupling

builds up.

7.3 Suggestions for future work

In order to gain a clearer understanding of the features discovered in the novel
DFB structure, it would be useful to fabricate more dual-wavelength devices, hav-
ing different waveguide widths, to explore how the degree of spatial overlap can
affect the device performances, and with larger wavelength spacings.

In order to achieve better performances, it is important to optimise the effective-
ness of InP dry-etching, to ensure proper definition of the later grating structure.
Finally, in order to address the need for broader frequency sources, a structure

comprising two DBR. gratings should be developed.
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Appendix

A1 Optical gain in semiconductors

Defining the real electric field as e(z,y, z), this can be described in terms of its
complex amplitude E as [Buus 05]:

e(z,y,2) = Re{Eexp(jwt)} (7.1)

Assuming a TEM wave propagating along the z direction of propagation of light,
i.e. a uniform plane wave such that E = E(0, E,,0) and H = H(H,,0,0), it can

be written:

E, = Eyexp(—jfz) (7.2)
where Ey = Ey(z =0).
Since in an isotropic and nonmagnetic medium V x E = —jwugH, it follows:

€
H,= —/—nkE 7.3
\/; ! (7.9)

The average power per unit area I (intensity) is:

— 1
I=exh= 3 Re{E,- H;} (7.4)
by substituting we get:
I= ?n’lEoPexp(Qkon"z) (7.5)

Defining Iy = “TOnI{EOP we can simplify the previous equation to:

I = Iyexp(2kon”2) (7.6)
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It is clear that for n” > 0 I increases, and vice versa. From this the optical gain

g, or loss «, can be defined:

1dI

Let us now consider a semiconductor heterostructure, where we define the propaga-
tion constant § = mn.rrko (ness is the effective refractive index of the propagating
mode, kg is the free-space propagating constant) and a confinement factor I'. Gain

and loss in the active layer are accounted by letting n be complex:

n=n +in" (7.8)

where the active layer (power/intensity) gain g, is related to the imaginary part
of n through g, = 2kon”. For the case of modest refractive-index difference, it
can be shown that the wavelength dependent modal gain is given by gesr = I'g,.

The net modal gain is given by:

Onet = Geff — O (79)

Introducing the end loss, or mirror loss, of the cavity a,, = ﬁ In ﬁ and the
cavity round-trip gain g. = gnet — Qm, and recalling the oscillation condition for

a FP laser:
r1-Toexp(—2ifL) = 1 (7.10)
we find the gain condition g. = 0, that is:
Fge—a;—a,=10 (7.11)
By defining:
Otot = Q; + O (7.12)
one obtains:

Geff — ot = 0 (7.13)
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A2 Sidemode suppression ratio

The parameter which is generally used to account for the degree of single-mode
operation of a laser source is the so-called sidemode suppression ratio SMSR, which
gives the difference in amplitude between the main spectral mode and the most
dominant side mode. The SMSR can be expressed as:
SN

N+1

SMSR =

(7.14)

where Sy and Sy,; are the photon densities for the main mode N and the
next dominant one N + 1. These can be found by calculating the time-averaged

power of the laser modes, using multi-mode rate equations [Buus 05]:

d —

% = Rsp(An + SN Vg gc(AN) (7.15)
as —_—
= Rapvan) + Bt vy 9e(wva) (7.16)

where Rp()\;) is the spontaneous emission rate. Note that under stationary
conditions Eqs. 7.15 and 7.16 are both equal to zero.
Since the spontaneous emission spectrum is very broad, and the two modes N
and N + 1 are neighbouring ones, the dependence of R,, over wavelength can be

neglected, hence from Eq. 7.16 it follows:

Snt1 = —% (7.17)
By expressing the gain of the N 4+ 1 mode as:
9e(An+1) = ge(An) — dg (7.18)
with the gain difference dg such that dg >| g.(An) |, Eq. 7.17 becomes:
Sni1 R Bep (7.19)

vg 0g
Taking into account the expression for P (Eq. 2.25) and using the expression

that relates R, to the Einstein’s coefficient of spontaneous emission n,:

Ryp =Ty Geff Nsp/Va (7.20)
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it is found that, for the case of a laser having two identical facets with reflec-
tivity R, the SMSR is:
2P Nég

hvvgnsp0io1Om

SMSR = (7.21)

where a1 = geps (see AT.12).
For the case of single-mode operation, since the N mode is dominant, it is possible
to approximate Py to P. By approximating the mode gain around Ay to a parabola

having peak at Ap:

9ess(Ap +0X) = gesr(Ap) — bndA? (7.22)

it is found:
89 = bgAAm (AN, —2 16X ) (7.23)
(7.24)

for | A |< ANn/2. Here A),, is the mode spacing. The SMSR hence becomes:
2PNbg AN (AN, — 2|6)])

SMSR =
hvvgnspiiorOtm

(7.25)

In practice, it is found that for typical Fabry-Perot lasers the SMSR is at most
20 dB, while for single-mode laser diodes they can exceed 50 dB.
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List of acronyms

AG
CAD
CB
CMRR
Cw
DBR
DFB
DIAL
DR
EBL
EC
FIR
FWHM
GHz
L-I
MMI
MBE
ML
MOCVD
MQW
MS

as grown

computer aided design
conduction band
common-mode rejection ratio
continuous wave

distributed Bragg reflector
distributed feedback
differential absorption lidar
distributed reflector
electron-beam lithography
external-cavity

far-infrared

full width at half maximum
gigahertz

light-current characteristic
multi-mode interference
molecular beam epitaxy
mode-locked

metal organic chemical vapor deposition
multi-quantum-well

multi-section
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NIR
OIC
OPLL
OSL
PECVD
PD
PMMA
PhW
PIC
QCL
QWI
RIE
RF
RWGL
SE
SEM
SCH
SMSR
SOA
SP

TE
THz
™

VB
VCSEL
WDM

near-infrared

optical integrated circuit

optical phasé—locked loop

oxide stripe laser

plasma enhanced chemical vapor deposition
photodiode

polymethylmethacrylate

photonic wire

photonic integrated circuit

quantum cascade laser

quantum well intermixing

reactive ion etching

radio frequency

ridge waveguide laser

spontaneous emission

scanning electron microscope
separate confinement heterostructure
sidemode suppression ratio
semiconductor optical amplifiers
self-pulsating

transverse-electric

terahertz

transverse-magnetic

valence band

vertical cavity surface emitting laser

wavelength division multiplexing
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