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SUMMARY
Photonic Integrated Circuits (PIC) are of tremendous interest for photonics system in order to
reduce their power consumption, size, fabrication cost and improve their reliability of fiber
optics linked discrete component architecture. However, unlike for microelectronics, in
photonics different heterostructures are required depending on the type of device (laser
sources, detectors, modulators, passive waveguides…). Therefore photonics integration needs
a technology able to produce multiple bandgap energy wafers with a suitable final material
quality in a reproducible manner and at a competitive cost: a technological challenge that has
not been completely solved yet.
Quantum Well Intermixing (QWI) is a post growth bandgap tuning process based on the
localized and controlled modification of quantum well composition profile that aims to
address these matters. UV laser induced QWI (UV-Laser-QWI) relies on high power excimer
laser to introduce point defects near the heterostructure surface. By adjusting the laser beam
shape, position, fluence and the number of pulse delivered, the different regions to be
intermixed can be defined prior to a rapid thermal annealing step that will activate the point
defects diffusion across the heterostructure and generate quantum well intermixing. UV-LaserQWI presents the consequent advantage of allowing the patterning of multiple bandgap
regions without relying on photolithographic means, thus offering potentially larger versatility
and time efficiency than other QWI processes.
UV-Laser-QWI

reproducibility

was

studied

by

processing

samples

from

an

InGaAs/InGaAsP/InP 5 quantum well heterostructure emitting at 1.55 µm. 217 different sites
on 12 samples were processed with various laser doses. The quantum well intermixing
generated was then characterized by room temperature photoluminescence (PL) mapping.
Under those experimental conditions, UV-Laser-QWI was able to deliver heterostructures
with a PL peak wavelength blue shift controlled within a +/- 15 % range up to 101.5nm. The
annealing temperature proved to be the most critical parameter as the PL peak wavelength in
the laser irradiated areas varied at the rate of 1.8 nm per degree Celsius. When processing a
single wafer, thus limiting the annealing temperature variations, the bandgap tuned regions
proved to be deliverable within ± 7.9%, hence establishing the potential of UV-Laser-QWI as
a reproducible bandgap tuning solution.
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The UV-Laser-QWI was used to produce multiple bandgap wafers for the fabrication of broad
spectrum superluminescent diodes (SLD). Multiple bandgap energy profiles were tested and
their influence on the SLDs’ performances was measured. The most favorable bandgap
modifications for the delivery of a very broadband emitting SLD were analyzed, as well as the
ones to be considered for producing devices with a flat top shaped spectrum. The intermixed
SLDs spectra reached full width at half maximum values of 100 nm for a relatively flattop
spectrum which compare favorably with the ≈ 40nm of reference devices at equal power. The
light-intensity characteristics of intermixed material made devices were very close to the ones
of reference SLD made from as-grown material which let us think that the alteration of
material quality by the intermixing process was extremely limited. These results demonstrated
that the suitability of UV-Laser-QWI for concrete application to photonic devices fabrication.
Finally, an alternative laser QWI technique was evaluated for SLD fabrication and compared
to the UV laser based one. IR-RTA relies on the simultaneous use of two IR laser to anneal
local region of a wafer: a 980 nm laser diode coupled to a pigtailed fiber for the wafer
background heating and a 500 µm large beam TEM 00 Nd:YAG laser emitting at 1064 nm to
anneal up to intermixing temperature a localized region of the wafer. The processed samples
exhibited a 33 % spectral width increase of the spectrum compare to reference device at equal
power of 1.5 mW. However, the PL intensity was decreased by up to 60 % in the intermixed
regions and the experiments proved the difficulty to avoid these material degradations of
material quality with IR-RTA.
Keywords : Quantum well intermixing, superluminescent diode, optoelectronics, photonics,
semiconductor heterostructure, excimer laser, infrared laser.
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RÉSUMÉ
L’intégration de circuit photonique vise à réduire la consommation énergétique, la taille, le
coût et les risques de panne des systèmes photoniques traditionnels faits de composants
distincts connectés par fibre optique. Cependant, contrairement à la microélectronique, des
hétérostructures spécifiques sont requises pour chaque composant : lasers, détecteurs,
modulateurs, guides d’ondes… De cette constatation découle le besoin d’une technologie
capable de produire des gaufres d’hétérostructures III/V de qualité à plusieurs énergies de gap,
et ce de façon reproductible pour un coût compétitif. Aucune des techniques actuelles ne
répond pour l’instant pleinement à tous ces impératifs.
L’interdiffusion de puits quantique (IPQ) est un procédé post épitaxie basé sur la modification
locale de la composition des puits quantiques. L’IPQ induite par laser UV (IPQ-UV) est basée
sur l’utilisation de laser excimer (Argon-Fluor émettant à 193 nm ou Krypton-Fluor à 248 nm)
pour introduire des défauts ponctuels à la surface de l’hétérostructure. En ajustant la taille du
faisceau, sa position, son énergie ainsi que le nombre d’impulsions laser délivrées à la surface
du matériau, on peut définir les régions à interdiffuser ainsi que leur futur degré
d’interdiffusion. Un recuit de la gaufre active ensuite la diffusion des défauts et par
conséquent l’interdiffusion du puits. L’IPQ-UV présente l’avantage considérable de se passer
de photolithographie pour définir les zones de différentes énergies de gap, diminuant ainsi la
durée et potentiellement le coût du procédé.
La reproductibilité de l’IPQ-UV a été étudiée pour l’interdiffusion d’une structure à 5 puits
quantiques d’InGaAs/InGaAsP/InP émettant à 1.55 µm. 217 régions sur 12 échantillons ont
été irradiés par un laser KrF avec des nombres d’impulsion variables selon les sites et avec une
densité d’énergie constante de 155 mJ/cm². Les modifications de la structure générée par ce
traitement furent ensuite mesurées par cartographie en photoluminescence (PL) à température
ambiante. L’analyse des données montra que l’IPQ-UV permet un contrôle du décalage vers le
bleu du pic de PL à +/- 15 % jusqu’à 101.5nm. La température du recuit est apparue comme le
paramètre crucial du procédé, puisque la longueur d’onde du pic de PL des zones
interdiffusées varie de 1.8 nm par degré Celsius. En considérant les sites irradiés sur une seule
gaufre, c’est à dire en s’affranchissant des variations de température entre deux recuits de
notre système, la variation du pic de PL est contrôlable dans une plage de ± 7.9%. Ces
iii

résultats démontrent le potentiel de l’IPQ-UV en tant que procédé reproductible de production
de gaufre à plusieurs énergies de gap.
L’IPQ-UV a été utilisé pour la fabrication de diodes superluminescentes (DSLs). Différents
type de structure à énergie de gap multiple ont été testés et leurs influences sur les
performances spectrales des diodes évalués. Les spectres des DSLs faites de matériau
interdiffusé ont atteint des largeurs à mi-hauteur dépassant les 100 nm (jusqu’à 132 nm), ce
qui est une amélioration conséquente des ≈ 40nm des DSLs de référence à puissance égale.
Les caractéristiques intensité–courant des DSLs interdiffusés furent mesurées comme étant
très proches de celle des dispositifs de référence faits de matériau brut, ce qui suggère que
l’IPQ-UV n’a pas ou très peu altéré la qualité du matériau initial. Ces résultats prouvent la
capacité de l’IPQ-UV à être utilisé pour la fabrication de dispositifs photoniques.
Une technique alternative d’IPQ par laser a été évaluée et comparée à l’IPQ-UV pour la
fabrication de DSL. Le recuit rapide par laser IR est basé sur l’utilisation simultanée de deux
lasers IR pour chauffer localement l’hétérostructure jusqu’à une température suffisante pour
provoquer l’interdiffusion: une diode laser haute puissante émettant à 980 nanomètre couplée
dans une fibre chauffe la face arrière de la gaufre sur une large surface à une température
restant inférieure à celle requise pour provoquer l’interdiffusion et un laser Nd:YAG TEM 00
émettant à 1064 nm un faisceau de 500 µm de large provoque une élévation de température
additionnelle localisée à la surface de l’échantillon, permettant ainsi l’interdiffusion de
l’hétérostructure. Les dispositifs fabriqués ont montré une augmentation de 33 % de la largeur
à mi-hauteur du spectre émis à puissance égale de 1.5 mW. Cependant, l’intensité du pic de
PL dans les zones interdiffusés est diminuée de 60 %, suggérant une dégradation du matériau
et la difficulté à produire un matériau de qualité satisfaisante.

Mots-clés : Interdiffusion de puits quantique, diode superluminescente, optoélectronique,
photonique, semiconducteur, laser excimer, laser infrarouge.
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CHAPTER 1

Introduction

Over the last century and a half, the science of light generation has progressed from oil lamp
to semiconductor laser and LED emitting over a large range of wavelength and power. After
the apparition and democratisation of incandescence light bulbs, fluorescent lamps and laser
(initially using ruby crystal [T.H. Maiman, 1960] and Helium-Neon gas [A. Javan et al., 1961]
as an active medium), the use of semiconductor crystalline structure has been an incredible
step in terms of miniaturization and ease of use of optical systems. Half a century since the
first demonstration of semiconductor injection laser [R N Hall et al., 1962; Robert N Hall,
1987], semiconductor light emitting devices (lasers, Light-Emitting Diodes, superluminescent
diodes) are today in use everywhere, for everyday lighting, medical imaging, or
communication systems. In this last case, fiber optics systems [K.C. Kao, G.A. Hockham,
1966] have consequent advantages over copper line networks, such as data transfer rate
increased by several orders of magnitude (Figure 1.1), immunity to magnetic interferences,
and increased data transfer security. Nonetheless, numerous progresses and breakthroughs
remain to be achieved in the field of photonics, especially in terms of integrated photonic
device large scale production. Indeed in a complete optical communication system, a light
signal may have to not only be emitted and received, but also modulated, amplified,
multiplexed or split. Until recently most of these tasks were accomplished by individual
devices interconnected by fiber optics. This generates technical issues such as coupling losses
between the different parts and assembling difficulties increasing fabrication cost. To make
photonics devices commercially more attractive (for telecommunication, imaging or sensing
applications) there appears to be a need to integrate all the aforementioned optical functions on
the same chip. This would allow to automatize devices’ fabrication and to reduce their size,
thus increasing their reliability, as microelectronics succeeded in doing. With the predicted
internet bandwidth requirement explosion (Figure 1.2) and the apparition of sensors using
light as part of their detection process, those important developments in the photonics field
will be much required in the next decade.
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Figure 1.1 Requirements for data transfer and available technologies [G. Lifante, 2003]

In this context, a process allowing the integration on the same wafer of different
semiconductor nanostructures suitable for each function required for optical signal processing
is a necessity. Indeed, the optimal bandgap profile, refractive index, and absorption may vary
depending on the optical function to be performed (for example an active region emitting at a
precise wavelength compared to a low absorption passive waveguide). For this purpose,
several technologies are in competition and sometimes complementary of one another.

Figure 1.2 Used international bandwidth and projection over the decade [J. Brodkin, 2012]

While purely epitaxial processes based on the growth of a different type of material on
different regions of the same wafer allow total control of the different structure parameters,
they encounter difficulties in delivering high quality material at an interesting cost. Amongst
the competing techniques, post growth quantum well (or dot) intermixing (QWI) structure
appears to be among the most versatile, while remaining potentially cost effective. However
this process still has to fully demonstrate its reliability and ability to deliver processed
structures proper for photonic device fabrication. The content of this thesis is an investigation
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of the use of UV laser induced quantum well intermixing (UV-Laser-QWI) process for
optoelectronics devices fabrication (namely superluminescent diodes) and the analysis of its
abilities in terms of material quality and reproducibility. The use of a laser for QWI brings
versatility unattainable via other QWI processes based on ion implantation, inductively
coupled plasma or dielectric deposition. Indeed, those processes all require several photolithography steps to obtain multiple degrees of intermixing, while laser QWI can pattern a
predetermined intermixing map by controlling the laser beam position, shape and dose
delivered to the processed wafer.
The following chapter presents an overview of photonics devices physics, from the basis of
semiconductor-light interactions to the current photonic integration processes and their
applications to optoelectronic devices, with a special focus on the different quantum well
intermixing technologies and the superluminescent diodes (their general characteristics and the
existing ways to optimize their performances). The third chapter is an exhaustive description
of UV-Laser-QWI process, the experimental set up used and the current knowledge on the
implied physics. Chapter 4 then provides an analysis of the UV laser based process
practicality, with a special attention on the reproducibility, a critical aspect from an industrial
point of view. Part of the results were published in an article entitled “Excimer laser induced
quantum well intermixing: a reproducibility study of the process for fabrication of photonic
integrated devices” in January 2015 [R. Beal et al., 2015]. The benefits of UV Laser QWI for
SLD prototyping and the bandgap modifications influence on device performances are
analysed in Chapter 5. It contains an article submitted for publication to Optics and Laser
Technology and titled “UV laser quantum well intermixing based prototyping of bandgap
tuned heterostructures for the fabrication of superluminescent diodes”. Chapter 6 then
describes the study of superluminescent emitting device fabrication using IR-Laser-QWI, an
alternative to UV-Laser QWI which relies on the joint use of two IR lasers (a 1064 nm
emitting Nd:YAG and a 980 nm laser diode) and compares IR-Laser-QWI results and
potential with those of UV-Laser-QWI. It contains an article: ‘Enhanced spectrum
superluminescent diodes fabricated by infrared laser rapid thermal annealing’ published in
December 2013 [R. Beal et al., 2013]. Finally Chapter 7 concludes this manuscript by
presenting reflections and comments on potential UV-Laser-QWI applications and leads for
future

research.

CHAPTER 2

Photonics integration state of the art

This chapter presents the background required to fully apprehend optoelectronic devices’
operation and therefore the topic of this thesis. After a general introduction on semiconductorlight interactions, emphasis will be put on photonic integration, its motivations and different
technologies, and more specifically on quantum well intermixing. A part of this chapter will
be dedicated to a specific device: superluminescent diode, whose fabrication and performance
enhancement using UV-Laser-QWI are later studied in this thesis.

2.1 Theory of semiconductor-light interactions
2.1.1AIII-BV semiconductor band structure and electronic states
The term semiconductor designates a category of material with electrical properties different
from insulators and conductors; their electrical conductivity value being between those of
these two types of material. Insulators may sometimes be considered as very large band gap
semiconductors (see Figure 2.1). Semiconductor band gap energy is in the range of magnitude
of kT. Materials with a bandgap over 2 eV are sometimes considered as insulators [B.G.
Streetman, S.K. Banerjee, 2000], although this value is arbitrary and strongly depends on the
context. For example, gallium nitride (3.4 eV) and aluminium nitride (6.2 eV) are referred to
as wide bandgap semiconductors and are used as such in light emitting devices.

Figure 2.1 Occupation states for: (a)(b) Metals, (c) Semiconductor and (d) Insulator (CB: Conduction Band and
VB: Valence Band) [C.F. Klingshirn, 2007]

Semiconductors are commonly crystalline solid, although some amorphous materials and
liquids can exhibit similar properties. They can be composed of a single pure element (from
5
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column IV of the periodic table) or be a compound (from columns III and V, II and VI, IV and
VI, or different group IV elements). For optoelectronics applications, an important distinction
has to be made between direct and indirect band gap semiconductors. As shown on energy
band diagrams of silicon and indium phosphide in Figure 2.2, direct bandgap semiconductors
(like InP and GaAs) have a valence band maximum corresponding to the conduction band
minimum when the wave vector k is null. As a consequence, an electronic transition from the
conduction band’s lowest energy level to the valence band’s highest energy level is possible
without any change of the wave vector value. On the other hand, some semiconductors have a
conduction band minimum located at a non-null momentum k value. This means that an
electron relaxation implies a change of its momentum (i.e. the emission of a phonon) in
addition to an energy loss. The probability of a radiative recombination to occur is
consequently much more unlikely than for direct bandgap semiconductor since the radiative
recombination time will be longer and therefore most of the recombination will be nonradiative (via a phonon emission at defect locations). Direct gap semiconductors are therefore
much more efficient for light generation.

Figure 2.2 Energy band diagrams and major carrier transition processes in indium phosphide (direct bandgap) and
silicon (indirect bandgap) crystals [D. Liang, J.E. Bowers, 2010]

Silicon, Germanium and some III/V compounds like GaP and AlAs are indirect bandgap
semiconductors. InP, GaAs, GaN and other ternary (AlGaAs, InGaAs) and quaternary
(InGaAsP, InAlAsP) compounds are direct bandgap semiconductors commonly used for
photonic devices fabrication. Figure 2.3 presents the band gap energies and lattice constants of
different III/V semiconductor compounds. Epitaxial growth allows the fabrication of complex
nanostructures with atomic layer precision. Thus, the structure composition profile along
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growth direction can be tuned to obtain the desired electro-luminescence wavelength and
optimize light and carrier confinement. This has to be done, however, with respect of certain
conditions of lattice parameter matching.

Figure 2.3 Variation of lattice constant with band gap for the III–V ternary compounds. Solid line: direct gap
materials, dashed line: indirect gap material [B. Tabbert, A. Goushcha, 2012]

Three main mechanisms have to be considered in photon / semiconductor interaction in
optoelectronics devices, which are described in Figure 2.4. The first is spontaneous emission:
an electron loses its energy from conduction band to valence band and emits it as a photon as
it moves to a lower energy level. The second is absorption: a photon of given energy excites
an electron to a higher energy level. Finally the third mechanism, stimulated emission, occurs
when a photon of energy equal to the difference of two energy levels produces a
recombination of an electron hole pair. A second photon of equal energy is emitted.
Other semiconductor / light interaction mechanism might have to be considered for device
conception, such as non-radiative recombination, Auger recombination, Shockley-Read-Hall
recombination.
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Figure 2.4 The three electron–photon interactions in semiconductors: (a) spontaneous emission, (b) stimulated
absorption, and (c) stimulated emission [S. Kasap, P. Capper, 2007]

2.1.2Semiconductor heterostructure
Epitaxial processes are capable of a growth thickness precision close to the atomic layer. By
growing appropriate adjacent layers of different band gap materials, charge carriers can be
confined in a lower gap layer. The electron and hole will then behave like particles in a
potential well problem. Instead of having a square root like density of state (DoS) function as
for bulk material, electrons DoS presents steps. The better confinement of carriers and the
discrete energy steps are advantageous over bulk material for the fabrication of light sources.
Figure 2.5 presents different quantum well (QW) structure types used for optoelectronic
applications. The separate confinement heterostructure (SCH) improve confinement of the
carriers and the optical mode guiding. Graded index SCH (GRINSCH) increases carrier
capture efficiency. Finally, the use of staggered multiple quantum wells (MQW) can be used
to increase light emission efficiency at high carrier density. Indeed, due to band filling,
luminescence saturation can occur for a single quantum well. MQWs structures consequently
allow higher light emission power for active devices; however the devices’ threshold gain is
also increased.
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Figure 2.5 Various geometries of quantum wells active region, (i) single QW(separate confinement
heterostructure, SCH), (ii) multiple QWSCH, and (c) GRINSCH (graded-index SCH) structure. (b) Layer
sequence for a separate confinement heterostructure laser [M. Grundmann, J.H. Weaver, 2007]

Other nanostructures can be grown under certain epitaxial conditions, such as quantum wires
and quantum dots. While QW are grown in a two dimensional Franck Van Der Merwe mode
(one layer after another), with materials of similar or almost lattice constant, self-assembled
quantum dots can be grown in Stranski-Krastanov (S-K) mode. QD structures offer several
advantages for active device fabrication: a high density of state (lower threshold current for
lasers), discrete energy levels (limited emitted wavelength temperature dependence for lasers),
symmetric gain function and small active volume (low chirp factor allowing a fast direct
modulation).

2.2 AIII-BV semiconductor integration for photonics application
2.2.1Motivations
As evoked in the introduction, a fully functional photonics integration platform must have the
ability to deliver a single device processing several different optical signal operations. To
accomplish these tasks, different “building blocks” have to cohabitate on a same chip, blocks
similar to the ones described in Figure 2.6, in order to control the direction, intensity and
phase of a light signal.
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Figure 2.6 The different building pieces that can and need to be integrated on a same chip to provide a complete
efficient Photonic Integrated Circuit (PIC) [L.A. Coldren, 2008]

Figure 2.7 presents the evolution of published InP-based PIC complexity until 2010. Since the
late nineties, the number of optical functions integrated has been growing exponentially.
However, unlike microelectronics, where the transistor is a standard unique unit for counting
the number of components implemented on a chip, very different component types coexist in
an optoelectronics device. Therefore, in the values indicated in the figure, an active laser, a
Mach-Zehnder Interferometer (MZI) or an Arrayed Waveguide Grating (AWG) both count as
one component, while they are very different in terms of size and fabrication complexity. If
the figure displays only purely InP-based reported photonic integrated circuits, the more recent
hybrid integration technology of III/V semiconductor structures on a silicon wafer (presented
in the next section) has recently presented a similar exponential growth of their integrated
function number, even if it does not yet offer an equivalent integration capacity.
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Figure 2.7 Historical trend and timeline for monolithic photonic integration on InP. The vertical scale indicating
the number of component is linear, and the red filled circles start at 1 and go to 240. [R. Nagarajan et al., 2010]

2.2.2Hybrid integration
As already explained, despite silicon being commonly used in microelectronics thanks to its
low cost and high purity, its indirect bandgap is a major drawback when it comes to active
photonics device applications (even if some photonics components can be made from silicon).
Hybrid integration aims to combine silicon and III/V material on the same chip, taking
advantage of direct bandgap III/V semiconductor efficiency for light emission and silicon’s
price, silicon dioxide passive waveguiding characteristics and compatibility with CMOS
technology. Currently, SOI–based optoelectronics components have proven to offer a
consequent palette of functionalities: filters, multiplexers, splitters, modulators (using free
carrier plasma effect) and photo-detectors [M.J.R. Heck et al., 2013]. However, integration of
active light source on silicon has to be realized by adding another gain medium. Since
germanium on silicon lasers demonstrate poor performances [J. Liu et al., 2010], processes for
obtaining III-V material on silicon have been the subjects of numerous studies. Direct growth
of III-V semiconductor on silicon wafer [T. Wang et al., 2011] has a major inconvenience: the
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buffer layer which is used to compensate the lattice mismatch is a disturbance for integration.
The approach which has offered until now the best results for device fabrication is the wafer
bonding of III/V structure on silicon substrate. Several processes are currently being
considered: low temperature wafer bonding [A. Black et al., 1997; D. Pasquariello et al.,
2000], adhesive bonding [S. Stanković et al., 2011] and silica planarization [B. Ben Bakir et
al., 2011]. Different heterostructures have been reported to be bonded on the same Si wafer
(for the realisation of a silicon triplexer [H.-H. Chang et al., 2010]).

2.2.3Monolithic integration
Apart from the indirect/direct bandgap distinction which is crucial for light emitting device
design, another important aspect for photonic integration is the necessity of having different
heterostructures suitable for all the optical functions required on a PIC. Figure 2.8 illustrates
the different solutions that have been used or studied over the past decades for this purpose.
These processes are not all suitable for the integration of all devices. The following Table 2.1
presents an evaluation of the different technique suitability for several optoelectronics
component integration, as each technique can be more suitable for certain optical functions.
The next sections describe the technical aspects of each process and analyze their advantages
and flaws.

Figure 2.8 Various techniques for achieving active and passive sections orthogonal to the growth direction [J.W.
Raring, L.A. Coldren, 2007]
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Table 2.1 Suitability of integration processes for different optical functions [J Van der Tol et al., 2010]

(1) Selective area growth
Selective Area Growth (SAG) uses a dielectric mask (usually SiO2) deposition prior to the
active region growth [M. Gibbon et al., 1993; T. Sasaki, M. Yamaguchi, 1998]. The mask
patterns influence the epitaxial growth rate near them: the epitaxial species unconsumed by the
mask migrate to the openings between the dielectric patterns, as depicted in Figure 2.9.
Therefore regions between larger mask patterns will grow faster than the others. By using
stripes of SiO2 of different widths, it became possible to obtain multiple bandgap wafers in a
single growth step as the layer thickness increases with the mask stripe width.

Figure 2.9 Selective area epitaxy process, (a) Schematic diagram of a MQW wavelength-tunable DBR laser with
monolithically integrated external cavity EA modulator. (b) Schematic diagram of the dual oxide stripe mask
used during the selective growth of the active region for the device [J.J. Coleman et al., 1997]

Consequently, by adapting the mask, different thicknesses and compositions can be obtained
on different regions of the same wafer. However SAG offers only limited flexibility and the
control of layer thickness variation in the perpendicular direction can be hard to achieve.
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(2) Butt joint regrowth
Butt-joint regrowth is the most versatile of all integration processes. A certain waveguiding
structure is grown first and then selectively etched in the regions where it is not required.
Finally another structure is grown in those last regions (Figure 2.10), the growth over the first
structure being avoided by a dielectric mask. While being the most straight forward process
(since it allows the integration of virtually any type of structure) butt-joint regrowth is
technically very complex. This complexity is due to the required transition quality between the
different structures [A. Talneau et al., 1988; P.J. Williams et al., 1990; C.A. Verschuren et al.,
1998]. Indeed those sidewalls are a critical region and any air gap, local variation in
composition and growth rate will deteriorate future device performance.

Figure 2.10 Cross-section schematic of a butt-coupled region of integrated amplifier [J. Wallin et al., 1992]

(3) Vertical integration techniques
Due to the practical inconveniences of the two aforementioned epitaxial processes, simpler
integration methods were investigated: the growth of two different structures on top of each
other on the same wafer. Vertical integration can be divided in two main categories: those
implying a regrowth step and those which do not.
-

Vertical Twin Waveguide structures / Asymmetric twin waveguide: In the case of twin

-guide structures (also designated as Integrated Twin Waveguide (ITG)), two waveguides are
grown on top of each other. Also known as vertical evanescent coupling, this concept was
developed in the 1970s [R.K. Watts, 1973; Y. Suematsu et al., 1975]. The active layer is
grown over the passive one. During device fabrication, the active region is removed where it is
not needed (Figure 2.11). While the process is relatively simple from a technical point of view,
some difficulties arise due to the interaction of optical modes (odd and even) between the two
waveguides. The active section length is therefore a major influence on device characteristics.
The addition of a loss layer absorbing the even mode and limiting its interaction with the odd
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one only partially solved the problem [L. Xu et al., 1997]. To solve this issue, Asymmetric
Twin Waveguide (ATG) structures were introduced, with two waveguides of different
confinement. The passive waveguide thickness is larger than the active one, hence the modes’
confinement is different in each waveguide (the odd mode is more confined in the active
waveguide and the even mode in the passive one). As a consequence, in the device active
region where the two waveguides are coexisting, the odd mode amplification is favoured, its
gain being superior and the mode interferences remain limited [P.V. Studenkov et al., 1998; P.
V Studenkov et al., 2000]. The main inconvenience of ATG is the need of a taper coupler to
transfer efficiently the signal from the active to the passive section. These coupler lengths are
typically several hundredths of a micrometer, and occupy an important surface, which is of
course not compatible with high density integration.

Figure 2.11 A prospective GaInAsP Integrated Twin Guide laser with three-dimensional output guide [K. Iga et
al., 1979]

-

Offset / Dual Quantum Well: For both offset and dual quantum wells structures, QWs

are grown on top of a waveguiding core and are then selectively removed in the region where
they are not needed. The upper cladding of the structure is then added by a regrowth step
[M.N. Sysak et al., 2006]. For dual quantum well structures, a second QW region is also
grown in the waveguiding core, which does not exist for offset quantum structures. This
second QW region allows the integration of EAM using the Quantum Confined Stark Effect
with higher modulation bandwidth than for offset quantum well based device (where the EAM
is based on the Franz-Keldysh effect). These two approaches proved their efficiency for
several applications. However, their capacities are limited to two different structures; therefore
high complexity PIC with multi-wavelength light sources cannot be considered. Furthermore,
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the regrowth step of the upper cladding adds to the technical complexity of the process, while
being less critical than for butt joint regrowth.

(4) Polarisation based Integration Scheme
POLarization based Integration Scheme (POLIS) is an original integration process compared
to every other one in that it does not rely on the integration of several bandgap structures
(either in the horizontal or vertical direction) [U. Khalique et al., 2007]. POLIS is based on the
different behaviour of a light signal depending on its polarization. The devices here are made
from a strained quantum well structure. This separates the heavy-hole (associated with TEtransitions) and light-hole (mostly associated with TM-transitions) valence band energies:
compressive strain increases the heavy-hole energy level and decreases the light-hole one.
Consequently, at the same wavelength, a certain polarization will be absorbed by and not the
other [Jos van der Tol et al., 2006]. By adding polarization converters, it is possible to change
the light signal polarization to make active / passive waveguide sections from the same
material. Therefore POLIS requires the integration of efficient low loss polarisation converters
[D.O. Dzibrou et al., 2013]. While interesting for some devices [U. Khalique et al., 2002;
A.J.G.M. Van De Hulsbeek et al., 2006], POLIS remains limited by its technical imperatives:
polarization converters are required between each active and passive sections (although they
can be only 125 µm long) and the obligation to use a certain type of heterostructure.
As we have seen, all the aforementioned techniques have major drawbacks such as epitaxial
complexity increasing fabrication costs or conception imperatives limiting devices’ design and
performances. Quantum Well Intermixing (QWI), the integration process category studied and
used in this work, is a post growth process aiming to provide cost effective multi bandgap
structures for photonic integration [J.H. Marsh, 1993].

2.3 Quantum well intermixing
QWI is based on the crossed diffusion of species between well and barrier. This atomic
composition variation changes the well energy levels, and consequently, the forbidden band
gap energy. The barrier / well intermixing results in an increase of the well bandgap energy
(Figure 2.12), thus the intermixing effect is usually referred to as a “blue shift”, since the
emission wavelength decreases (and gets closer to the blue). Since QWI aims to modify
selectively certain regions of the wafer, the control of the intermixing rate between barrier and
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well species and the spatial definition are the two major parameters that the differently
developed QWI processes are aiming to optimize.

Figure 2.12 Illustration of the intermixing process for a GaAs/AlGaAs quantum well: on the left the QW prior to
intermixing, on the right after intermixing, some Aluminium has mixed into the QW and increased its gap energy
[Intense, 2013]

The rest of this section presents the process physics and a review of the different ways to
achieve QWI that have been published.

2.3.1 General principles
Intermixing of barrier and well species can be achieved by annealing the heterostructure at a
sufficient temperature (typically close to 900°C for GaAs/AlGaAs QWs and 700°C for
InGaAs/InGaAsP QWs). However this would blue shift the entire wafer, which is not
compatible with multi bandgap wafer production. To modify locally QW bandgap, the wafer
can either be annealed locally using a wafer or point defects can be introduced locally into the
wafer. Point defects thermal stability is lower than that of the heterostructure, which means
they will diffuse at annealing temperatures lower than the heterostructure limit. By controlling
the amount of point defects created and their diffusion, the QW blue shift can be controlled
too. Most QWI processes rely on the thermally induced diffusion of point defects (namely
interstitials or vacancies), whose different mechanisms are described in Figure 2.13.
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Figure 2.13 Schematic illustration of diffusion mechanisms. (a)Top: exchange mechanism, bottom: ring
mechanism. (b) Vacancy mechanism. (c) Interstitial mechanism. (d) Interstitialcy mechanism. (e) Substitutionalinterstitial mechanisms, top: Frank-Turnbull mechanism, bottom: kick-out mechanism [U.W. Pohl, 2013]

Theoretical models have been developed to describe intermixing in quantum well structures.
The models may differ depending on the heterostructure type. The simplest models are those
describing intermixing in structures combining a binary and a ternary compound, such as is for
GaAs/AlGaAs [T.E. Schlesinger, T. Kuech, 1986] or InGaAs/GaAs [W.P. Gillin et al., 1993]
systems. Hence, only group III species diffusion is considered since there is no concentration
gradient for group V atoms (arsenic). The Group III atom diffusion in the crystal growth
direction is commonly described by using Fick’s second law:
𝜕𝐶
𝜕 2𝐶
=𝐷 2
𝜕𝑡
𝜕𝑧

(2.1)

In this equation, C is the species concentration and D it diffusion coefficient. In this situation,
group III species diffusion coefficient is considered equal for all. The group III species
diffusion length Ld quantifies the intermixing process:
𝐿𝑑 = √𝐷𝑡

(2.2)

For structures that implied a binary and a ternary compound, like GaAs/AlGaAs or InGaAs/
GaAs systems, only group III element diffusion has to be considered. For a GaAs/AlGaAs
QW, where aluminium atoms are initially only in the barriers, the aluminium concentration
profile can be described as[J. Crank, 1979]:
1
𝐿𝑧 + 2𝑧
𝐿𝑧 − 2𝑧
𝑤
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)]}
2
4𝐿𝑑
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(2.3)

And in the case of an InGaAs/GaAs well, where indium is initially only present in the well and
absent in the barriers:
𝑤
̃ 𝐼𝑛 (𝑧) =

𝑤𝐼𝑛
𝐿𝑧 + 2𝑧
𝐿𝑧 − 2𝑧
{[𝑒𝑟𝑓 (
) + 𝑒𝑟𝑓 (
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4𝐿𝑑
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(2.4)
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wAl and wIn being the initial Al and In molar fractions in the barriers and well respectively, Lz
the well thickness, z the position in the heterostructure and erf the error function. This model
has been experimentally confirmed. However it is not valid anymore for the InGaAs/InP
system or other quaternary compound made quantum wells. [K. Mukai et al., 1994] developed
a detailed model of intermixing of group V atoms in an InGaAsP system. In this model, group
V atoms diffuse at different rate in the well and in the barriers. The diffusion is described
using a linear equation:
𝜕𝐶𝑖 (𝑧, 𝑡)
𝜕 2 𝐶𝑖 (𝑧, 𝑡)
= 𝐷𝑖
𝜕𝑡
𝜕𝑧 2

(2.5)

Where i = b for barrier and i = p when the well is considered. The discontinuity at the interface
and the diffusion flux continuity gives:
𝐶𝑏 (𝑧, 𝑡) = 𝑘𝐶𝑝 (𝑧, 𝑡); z   L

(2.6)

And
𝐷𝑝

𝜕𝐶𝑝 (𝑧,𝑡)
𝜕𝑧

= 𝐷𝑏

𝜕𝐶𝑏 (𝑧,𝑡)
𝜕𝑧

; z  L

(2.7)

k is the concentration ratio at the well/barrier interface. [K. Mukai et al., 1994] then compares
his model to PL measurement for AlGaAs and InGaAsP well, obtaining empirical data for the
k factor.

2.3.2 Impurity induced disordering
The very first quantum well intermixing phenomenon to be studied, more than 30 years ago
[W.D. Laidig et al., 1981], relied on the diffusion of zinc impurities introduced in the
heterostructure (by annealing the material). Although the first observed, this technique has the
important inconvenience of modifying the doping of the heterostructure, and is consequently
by far not the most suitable technique for optoelectronics device fabrication. It is, however, a
relatively simple and accessible way to induce intermixing for academic study concerning
layer disordering [T. Lin et al., 2013]. To locally introduce the impurities, ion implantation
layer disordering has been developed. Focused Ion Beam (FIB) may be used for such a
purpose [J.P. Reithmaier, A. Forchel, 1998], however FIB is not efficient to process large
sample surface, and ion implanters are more suitable. Ion implantation is a well-developed
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technique for QWI. Distinction can be made between two different approaches: low energy
ion implantation (for energy of several hundred KeV) [V. Aimez, J. Beauvais, J. Beerens, D.
Morris, et al., 2002] and high energy ion implantation (up to 10 MeV) [S. Charbonneau et al.,
1998]. For both techniques, the implantation step is followed by an annealing one to activate
the diffusion of defects created by the collision of ions with atoms of processed material and to
"cure" the damaged structure. The difference between high and low energy ion implantation
disordering is the created defects depth. For low energy implantation, they are localized in the
upper layers (those allowing the use of a sacrificial layer which will be removed after
annealing in order to limit the implantation induced surface defect quantity [V. Aimez, J.
Beauvais, J. Beerens, D. Morris, 2002]). On the other end, for high energy implantation,
defects are present inside active layers and those around them, which can be harmful for future
device performances. The two step annealing process may, however, be used to partially cure
the material [Y.T. Byun et al., 2011]. The differentiation between high and low energy IID
also comes from the fact that the most common industry implanters maximum implantation
energy is approximately up to 500 KeV. Implantation energy, ion type and dose can allow the
control of defect type, concentration and depth. The ion type has to be carefully chosen as it
may modify structure doping and therefore the structure’s electrical behaviour [S.C. Du et al.,
2011]. Implantation angle [J. Parker et al., 2012] is another parameter that may be considered.
To obtain several intermixing degrees in different areas of the same wafer in a single
implantation step, besides realizing several implantations at different energies while masking
the different regions each time, two processes are known: the first uses silicon dioxide
grayscale masks (i.e. of variable thickness) that will partially absorb the ions [S.L. Ng et al.,
2002], as described in Figure 2.14. The second is a less direct process described in Figure
2.15: after low energy ion implantation, the sample is submitted to several annealing steps.
Between each annealing step, the surface sacrificial layer where ion implantation has created
point defects is selectively removed in the region where the intermixing has reached a
satisfying value. Hence, the bandgap of those regions won’t be affected by the next annealing
steps.
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Figure 2.14 Schematic of arsenic implantation through a graded SiO2 mask [S.L. Ng et al., 2003]

Figure 2.15 Multi bandgap ion implantation quantum well intermixing process: four bandgap regions were
obtained. (a) Phosphorous ion implant into InP buffer with SiON x mask to preserve as-grown bandgap 1. (b)
Diffusion of vacancies through quantum wells and barriers during RTA to create bandgap 2. (c) Selective
removal of InP buffer layer to stop intermixing. (d) Diffusion of vacancies through QW structure for bandgap 3.
(e) Selective removal of InP buffer and anneal for bandgap 4. (f) Blanket removal of InP buffer layer to planarize
surface. [S.R. Jain et al., 2011]

2.3.3 Impurity free vacancy disordering
Impurity Free Vacancies Disordering (IFVD) [J.H. Marsh, 1993; E.V.K. Rao et al., 1995] is a
well-known intermixing process which consists in depositing dielectric layers on the
heterostructure prior to an annealing step. During this subsequent annealing step, the deposited
dielectric layer will either inhibit or enhance quantum well intermixing, depending on its
nature and thickness. The dielectric influences defect diffusion (and therefore intermixing) in
two ways. First, the annealing causes the out-diffusion of some species in the dielectric layer
(like Gallium for GaAs and GaAs compounds [Boon Siew Ooi et al., 1997]), therefore
creating vacancies in the semiconductor region close to the interface. The diffusion of the
created point defects (Gallium vacancies for GaAs) will enhance quantum well intermixing.
The second mechanism involved in IFVD is the strain created by the dielectric on the
semiconductor surface during annealing due to their different thermal expansion coefficients.
This strain can be tensile or compressive depending on the species involved and will favor or
limit point defect diffusion depending on the strain and the point defect natures [D.T. Britton,
M. Härting, 2002]. The most common dielectric studied and used for IFVD for GaAs based
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material are Si3N4 and SiO2, the first one inhibiting intermixing and the second one enhancing
it.
In the case of quaternary compounds, like InGaAsP, the species involved in out-diffusion and
defect creation are less clearly identifiable than for GaAs, due to possible variation of the
concentration for each group species. Depending on the type of dielectric deposited,
intermixing can be promoted or inhibited (Figure 2.16): a SiO2 cap promotes intermixing [Q.
Zhongliang et al., 2013] as the tensile strain it generates favors atom diffusion inside it [J. H.
Teng et al., 2002]. At the other end, TiOx [A. François, V. Aimez, J. Beauvais, M. Gendry, et
al., 2006; A. François, V. Aimez, J. Beauvais, D. Barba, 2006], WNx [E.L. Allen et al., 1991]
and SrF2 [I. Gontijo et al., 1994] caps were reported to inhibit intermixing. For some other
dielectric, such as SiOxNy [Ian McKerracher et al., 2012], or SixNy [J H Teng et al., 2001; K.H. Lee et al., 2012], their effects on QWI might depend on film characteristics and on the
semiconductor surface layer composition [J. Zhao et al., 2006]. To conclude, despite its
relatively accessible deployment for the semiconductor industry, IFVD only offers a limited
spatial selectivity, as a blue shift is often observed over the entire surface of the sample, and
its reproducibility depends heavily on dielectric film deposition conditions. IFVD is also more
interesting for GaAs based heterostructures than for InP based ones whose thermal stability is
lower. Indeed, a temperature sufficient to generate vacancies has to be reached. Despite these
issues, IFVD suited facilities are relatively easily available in the industry and the company
Intense Photonics uses it for Non-Absorbing Mirror (NAM) laser fabrication.

Figure 2.16 Example of dielectric capping to control quantum well intermixing [B S Ooi et al., 1995]: the SiO2
layer promotes the interdiffusion while the SrF2 layer prevents it.

2.3.4 Universal damage technique
In the case of Universal Damage Technique (UDT), [S.D. Mcdougall et al., 1997; S.D.
McDougall et al., 1998; O.P. Kowalski et al., 1998] a SiO2 layer is sputtered on a sample
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surface, generating defects on said surface. An annealing step will here again activate defects
diffusion. UDT can be applied on both InP and GaAs based heterostructures. In the case of
GaAs surface, Gallium atoms also diffuse into the sputtered silicon dioxide, generating
vacancies like those for IFVD. UDT’s drawback lies in the difficulty to control defect
quantity, and as such the reproducibility is therefore unsatisfying. Intermixing is here mostly
controlled by the annealing parameters (temperature and duration) [M. Ying et al., 2003]. To
obtain a multi bandgap wafer, a grayscale mask of PECVD silicon dioxide may be deposited
on the structure but this complicates the process [X.F. Liu et al., 2000].

2.3.5 Plasma induced quantum well intermixing
During Inductively Coupled Plasma (ICP) induced QWI, point defects are generated in a
sample near the surface region by plasma ion collision. The ions eject atoms from the crystal
lattice, creating vacancies, interstitials or Frenkel defects. A RTA step then activates the
defects diffusion from the surface to the QW heterostructure, intermixing wells and barriers
species. As for UV-Laser-QWI, blue shift saturation threshold appears over a certain time of
plasma exposition. This process proved to be able to achieve consequent blue shift with a
satisfying spatial resolution (2.5 µm using SixNy mask, 5 µm using SiO2 masks). As
commonly observed with other processes, maximum blueshift can be very important when
processing InP based materials (over 100 nm) and smaller for GaAs based materials (over 20
nm) [H.S. Djie et al., 2004; H.S. Djie, T. Mei, 2005]. This comes from the smaller diffusion
coefficient of defects in GaAs compared to InP [P.J. Poole et al., 1995]. In an attempt to
reduce material etching effects, the replacement of Argon by Nitrogen plasma was evaluated
[S. Peng et al., 2009], reducing the need of a thick sacrificial layer. More recently, ICP QWI
proved to be capable of delivering multi wavelength wafers in one ICP exposition step, by
using a dielectric stripes mask whose duty ratio can be set to control intermixing [Jianyi Zhao
et al., 2012].

2.3.6 Ultraviolet laser induced quantum well intermixing
[J. Ralston et al., 1987] mentions the first use of a 248 nm wavelength Krypton – Fluoride
(KrF) UV laser to intermix a GaAs/AlGaAs superlattice. Energy densities up to 900 mJ/cm²
were delivered at the sample surface and for a 220 mJ/cm² value; the superlattice was
completely intermixed down to 210 nm deep. Higher energies resulted in important sample
degradations. More recently was reported the intermixing of InGaAs/GaAs QD structure using
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a KrF laser [H.S. Djie et al., 2006]. The fluences used ranged from 200 to 480 mJ/cm² and up
to 150 pulses were delivered on sample surfaces. The samples were either capped with silicon
dioxide or left as grown during laser irradiation and annealing. The silicon dioxide layer was
intended to protect the sample from oxidation or desorption. Unlike the previous experiment,
the structure was not melted by the laser but defects were created in the heterostructure surface
regions which contributed to intermixing during the following RTA step. The presence of
silicon dioxide during RTA also probably led to some species out-diffusion from the
heterostructure, as for IFVD. Finally, [C.-H. Hsieh et al., 2012] reports the use of a
Ti:Sapphire femto-second pulsed laser (180 fs, 1 kHz, wavelength of 800 nm converted to 400
nm and 266 nm) beam to scan the surface of an InGaAsP MQW sample. A 77.3 nm blue shift
was observed after irradiation at 150 mW laser power and 700°C for 5 minutes.
At the Quantum Semiconductor and Photon-based Bio-Nanotechnology (QS-PBN) laboratory
of Université de Sherbrooke, the developed UV laser induced QWI (UV-QWI) technique was
proved to modify wafer surface chemistry by creating an oxygen rich region at the surface
during irradiation in air and in water. This modification influences the intermixing during a
subsequent annealing. Two cases must there be considered:


For an InP based structure, the laser irradiation promotes intermixing: after RTA, the PL
blue shift increases with the delivered laser pulse number up to a saturation value
[Jonathan Genest et al., 2008]. [Neng Liu, J.J. Dubowski, 2013] characterized sample in
air and DI water and demonstrated the creation of InPxOy on sample surface by laser
irradiation, as well as the introduction and diffusion of interstitial oxygen atoms into the
heterostructure. Those defects then participate to the intermixing of wells and barriers
during RTA.



For InGaAs or GaAs surface layer irradiation, an oxygen rich layer, with a thermal
dilation coefficient different from the heterostructure material ones. This oxidized layer
generates stress during thermal annealing, and this stress modifies the point defects
diffusion according to the layer thickness [D.T. Britton, M. Härting, 2002], inhibiting
the thermal shift. This process showed interesting results for KrF laser (248 nm)
irradiation of GaAs based heterostructures [J. Genest et al., 2007]. However results
using ArF laser (193 nm) are more contrasted: for InGaAs surface layer, a very porous
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oxide is observed after laser irradiation, which seems to have little to no influence on the
observed blue shift.
UV-QWI offers a theoretical spatial resolution in the micrometer range which is on the par
with the best results of the other QWI processes and totally sufficient for photonic devices
fabrication. UV-QWI ability to deliver a multi wavelength wafer with various degrees of
intermixing without having to deposit any kind of mask before processing is also a very
interesting feature.

2.3.7CW infrared laser induced quantum well intermixing
The CW infrared laser induced quantum well intermixing (IR-Laser-QWI) was also studied
during the work of this thesis, and will be also referred to as Laser-RTA (it has sometimes also
been designated as PAID: Photo-Absorption Induced Disordering). IR-Laser-QWI uses a high
power laser beam to heat local regions of wafer. This annealing produces intermixing of the
QWs. The idea of using a laser to locally anneal a heterostructure was first explored using a
visible range laser. [J.E. Epler et al., 1986] demonstrated the use of a 488 nm cw Ar+ laser to
melt GaAs/AlGaAs superlattices capped with Si and Si3N4. During the laser treatment, silicon
was incorporated into the melted region and could later participate in intermixing by diffusing
into the as-grown region during a following annealing step. Laser diodes were latter fabricated
with this same process [J.E. Epler et al., 1988]. [K. Brunner et al., 1992] then reported the use
of a 514.5 nm CW Ar+ laser (still on a GaAs/AlGaAs heterostructure). However, unlike in the
previous experiment, the intermixing was produced by the laser annealing directly, which did
not completely melt a region of the heterostructure. A silicon nitride layer was also used to
prevent material oxidation or desorption, making this process general principle more similar to
the ones developed using IR laser [C.J. McLean et al., 1992; A. McKee et al., 1994; G. Lullo
et al., 1994], including the one presented in this thesis. In the case of the process developed at
QS-PBN laboratory, an innovative approach involving the combined use of two IR laser was
studied: one pigtailed fiber coupled 980 nm emitting wavelength laser diode for background
heating of the entire sample and one 1064 nm emitting Nd:YAG laser, whose 500 µm large
beam allows extremely precise positioning and moving control [Radoslaw Stanowski et al.,
2009] (Figure 2.17). This process, compared to the previous CW IR laser induced QWI
processes which used a single laser and a hot plate sample for background heating, allows a
higher background heating, and therefore, decreases the “top” laser energy required to elevate
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sample temperature to the intermixing threshold. This limits material damages harmful for
QWI made device performance and also decreases the processing time (the use of lasers
permits very a fast temperature increase). The main inconvenience of IR-Laser-QWI is its
lateral resolution that may be limited by heat diffusion.

Figure 2.17 Schematic diagram of the Laser Rapid Thermal Annealing setup, Photoluminescence map of the IRLaser-QWI processed In- GaAsP/InP QW sample with a ‘watermark’ of the QWI material [R. Stanowski, J.J.
Dubowski, 2008]

2.3.8Pulsed infrared laser induced quantum well intermixing
Pulsed infrared laser intermixing uses the brutal thermal elevation generated by [T.K. Ong et
al., 2000]: (PPAID : Pulsed Photo-Absorption Induced Disordering), sudden thermal elevation
induced by laser pulse creates defects due to fast thermal dilation of the structure and resulting
crystal lattice distortion.[C.J. Mclean et al. 1995, B. S. Ooi et al. 2004] An annealing step is
then necessary (which can be completed using another CW IR laser [B.C. Qiu et al., 1999]) to
activate defects diffusion.

2.4 Quantum well intermixing applications
Until now, due to it problem of reproducibility, QWI has been limited to a single application
in the industry: the integration of passive waveguiding sections (called NAMs: Non Absorbing
Mirrors or sometimes cold mirrors) in semiconductor laser diodes (LD) (and array of LD) [J.
Marsh, 2007]. These sections limit the non-radiative recombination on laser facets (due to the
higher band gap energy region compared to laser emission wavelength and the absence of
current) which increase its Catastrophic Optical Failure (COD) threshold and consequently the
power that can be emitted (Figure 2.18).
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.
Figure 2.18 Schematic of a laser with cold mirrors as fabricated by Intense Photonics [Intense, 2013]

If the use of QWI has been very limited in the industry, it has been widely studied for more
complex photonic integration applications in different research groups. Apart from NAMs for
laser [John H. Marsh, 2006; G. Tandoi et al., 2010], QWI can benefit many photonic devices.
Figure 2.19 below summarizes well the most obvious uses of QWI for PICs fabrication: low
absorption passive waveguide [L. Hou et al., 2011] / grating [L. Hou et al., 2012] (or active
phase modulator), electro-absorption modulator (EAM) and active sources [A.J. Zakariya, P.
LiKamWa, 2012] (laser or amplifier, which however require to have the smallest gap energy
of the three sections and are usually left as grown). Detectors and phase modulators can be
added to this list. In order to produce low loss waveguide, the quantum well structure must be
blue shifted sufficiently so the band-to-band and excitonic transitions, which are the two main
processes of absorption in a QW structure, have a larger energy than the guided optical signal.
The passive sections are usually the most highly blue shifted regions of the multi-bandgap
wafer.

Figure 2.19 Schematic diagram of a “generic” PIC: laser diode is coupled with an electro-absorption modulator
and the output is directed into a low loss-waveguide splitter. The optimum operation of this PIC requires a
different bandgap energy for each component [S. Charbonneau et al., 1998]

28

Photonics integration state of the art

Concerning detectors, intermixing may find an application in thermal imaging devices, as
Quantum Well (or Dot) Infrared Photodetectors (QWIPs and QDIPs) would have use of multi
bandgap wafers for multi-color detection. The possibility to measure several wavelength
intensities on a same detector array increases temperature measurement precision. Such
applications of QWI were studied using proton implantation [M.B. Johnston et al., 1999; N. Li
et al., 1999; X.Q. Liu et al., 2000; L. Fu et al., 2001], IFVD [D. Sengupta et al., 1998; I.
McKerracher et al., 2011] and IR laser induced QWI [J.J. Dubowski et al., 2004]. Intermixing
by IFVD was also studied on QD structure based devices [L. Fu et al., 2008]. Apart from
QWIPs, QWI can be used to integrate multiple wavelength detection photodiodes (for WDM
receiver fabrication especially) which was demonstrated using ion implantation [T.
Bhowmick, U. Das, 2010] and IFVD [D.H. Yeo et al., 2001; Boon Siew Ooi et al., 1997].
As already mentioned, Electro-absorption modulators (EAM) integration may benefit from a
multi band gap structure when they are integrated with an active source and/or passive
waveguides. EAM principles are based on Quantum Confined Stark Effect: by applying a
reverse bias, the band edge of the QW is shifted to lower gap energy and thereby its absorption
spectrum is also shifted. Consequently, when integrating EAM using QWI, the structure is
ideally less intermixed than for a passive waveguide to keep a sufficient extinction ratio for
efficient signal modulation. EAM integration using QWI was demonstrated using PAID [G.
Lullo et al., 1994], ion implantation [C.S. Wang et al., 2007] and IFVD [D. Hofstetter et al.,
1998]. The performances of QWI made EAM were analysed and discussed in [G. Morrison et
al., 2007].
Semiconductor Optical Amplifiers’ (SOAs) performances improvement by QWI was also
studied. Although due to their function, as for lasers, their structures usually do not require to
be intermixed when they are integrated with passive waveguide nor an active source to
amplify. The purpose of QWI application to SOA fabrication was either to increase device
bandwidth by making a two section device with different center wavelengths [K.H. Lee et al.,
2011] or to make it polarisation insensitive [J.-J. He et al., 1996; W.C.H. Choy, K.S. Chan,
2003].
When reviewing the PIC fabrication by QWI, professor L.A. Coldren’s group at University of
California, Santa Barbara must be specially mentioned. It has continuously used its ion
implantation based QWI process (Figure 2.15) for more than a decade [E.J. Skogen, 2003] for
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the fabrication of several PIC from transmitter [J.S. Barton et al., 2003] to high complexity
PIC [L.A. Coldren et al., 2012]. However, while efficient and well known, this process
requires several annealing and lithography steps to deliver a wafer with several degrees of
intermixing.
Finally, QWI can also find applications to complete other integration processes. It was used in
addition to SAG to compensate for this epitaxial process’ low spatial bandgap variation and
provide sharper transition; for the fabrication of an integrated SG-DBR / EAM device [L.
Hong-Bo et al., 2008], QWI was used to blue shift the transition region between each optical
function. Hybrid integration was also used in parallel with QWI [H. Park et al., 2011; S.R. Jain
et al., 2011] for the bandgap tuning of III/V active regions before their bonding to the SOI
wafer.

2.5 Superluminescent diodes
2.5.1General device characteristics
SLDs are broad spectrum, high intensity light emitting devices [I. Kaminow, D. Marcuse,
1983]. They are commonly described as offering the intensity of a laser diode with the spectral
width of an LED (see Figure 2.20 for a comparison of spectral shape from different sources
and Table 2.2 for a complete comparison of the three devices’ characteristics). To achieve
these performances, SLD are made from gain medium similar to those used for laser diode
(i.e. QW or QD material). In order to prevent laser effect, the reflections at the extremities of
the device waveguide are suppressed (Figure 2.20). Therefore, the emitted spectrum remains
broad instead of showing narrow lasing modes. SLDs are sometimes compared to
Semiconductor Optical Amplifiers used without any signal at the input (device emission
comes solely form the Amplified Spontaneous Emission (ASE)). This is only partially true,
since some SLD design does not allow any possible light coupling at their rear end; however
an SOA could theoretically be used as an SLD.
Reflections at cavity extremities can be reduced by various means. A common and practical
way is to use tilted facets [G. Alphonse et al., 1988; H. Ma et al., 2004], but configurations
like J-shaped waveguide [H. Nagai et al., 1989], an absorption region on device rear side [I.
Joindot, C. Boisrobert, 1989], or anti-reflecting coatings [C. Wang et al., 1982] are also used.
Parameters other than spectral shape and emitted power may have to be considered when
analyzing SLD characteristics. The spectral ripple, for instance, is the result of imperfect
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reflection suppression. Some Fabry-Perot modulations are hence observed on the spectrum,
especially near gain peak wavelength. This effect becomes more difficult to suppress for high
power devices, and is quantified by the spectral modulation depth. Polarization is another
parameter that may be considered for some applications. And finally, the modulation
bandwidth (which is typically of several MHz) is usually not a critical parameter, as most
applications of SLDs require a CW signal.

Figure 2.20 Typical spectra of different light emitting devices Source: Light-Emitting Diodes [E.F. Schubert,
2002]

Table 2.2 Summary of Differences in Operation, Characteristics, and Structures of LDs, SLEDs, and LEDs [Z.Y.
Zhang et al., 2010]

2.5.2Applications
Depending on SLDs conception and target application, output power from tenths to several
tens of milliwatts can be achieved for spectral width ranging from several to hundreds
nanometers. The available wavelengths are the same as for semiconductor laser diodes, the
most common being in the near infrared, but blue SLD have also been demonstrated in the last
years [E. Feltin et al., 2009]. SLDs find applications in fields where light sources of high
intensity, low temporal and high spatial coherences are required. The Table 2.3 summarizes
these applications: optical coherence tomography (for ophthalmology and cardiology
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diagnostics), source for WDM system, optics devices testing (transmission/reflection spectra,
chromatic dispersion), fiber-optic sensors (temperature, strain or pressure measurements) and
fiber gyroscopes. For these applications, SLDs with broadband optical spectra and high
intensity emission are desirable.

Table 2.3 Applications of SLDs [Inphenix, 2011]

- Optical Coherent Tomography is an imaging technique based on low coherence
interferometry. It offers tri dimensional observation of biological or other organic tissues with
micrometer range resolution. It may be used for ophthalmology [D.S. Chauhan, J. Marshall,
1999; A. Fercher et al., 2003], cardiology [T. Kubo et al., 2011] and art restoration [P.
Targowski et al., 2008]. OCT resolution relies on source spectral width ∆λ and wavelength λ
(LC ∼ λ2/∆λ). Therefore, for optimal resolution, the source spectrum must be as wide as
possible with a short central wavelength (this last parameter is however limited by observed
material absorption). Various OCT techniques are still being developed and studied, but we
can distinguish two major OCT types: time-domain and frequency-domain. The first one
requires a broad band source such as SLD while the second one uses swept sources.
- Fiber optics testing is another application that benefits from SLD emission properties. The
chromatic and polarization mode dispersion of fibers can both be evaluated using the large
bandwidth signal from an SLD [N. Shibata et al., 2005].
- Wavelength-Division Multiplexing (WDM) fiber communications is another example of
potential SLD application [D. Sampson, W. Holloway, 1994], and ,more specifically Passive
Optical Network (WDM-PON) [D.J. Shin et al., 2006; S. Park et al., 2004; P.K.J. Park et al.,
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2007; D. Heo et al., 2011]. PON is an optical point-to-multipoint access network technology
which is developed in the optics of fiber-to-the-curb (FTTC), fiber-to-the-building (FTTB) and
fiber-to-the-home (FTTH) applications. Contrary to active network architecture, PON have no
repeaters, router or other powered equipment. It uses optical splitters to manage optical signals
through the network. Active devices are required only at the extremities of the network. PON
offers several advantages, like its efficiency (up to 32 users) and its low building and
maintenance costs (compared to active network). However, it is limited to short range
applications, unlike an active optical network.
- Fiber sensors [N.J. Vasa, M. Singaperumal, 2009; M. Schmidt et al., 2000; Y. Sano, T.
Yoshino, 2003]. For fiber optic based sensors, SLD’s short coherence length allows feedback
and mode partition noise reduction compared to a laser-based system [S. Kim et al., 2004].
Fibers sensors offer several advantages over “traditional” electrical sensors, especially in harsh
environments: they are immune to electromagnetic interference, offer excellent resolution and
range, passive operation, are water and corrosion resistant, small size and light weight, can be
multiplexed on a same fiber, consequently limiting the cost per channel.
- Fiber Optic Gyroscopes (FOGs) are used as inertial navigation systems and were mostly
developed in the 1970s and 1980s [V. Vali, R. Shorthill, 1976; S.C. Lin, T.G. Giallorenzi,
1979; W.C. Goss et al., 1980]. FOGs use an interferometry effect called Sagnac effect. Two
beams are travelling in a same fiber coil in opposite directions. If a rotation occurs in the coil
plan, one of the two beams will exhibit a shorter path delay compared to the other. The
resulting phase shift will be measured by interferometry means and the rotational speed be
deduced from it. FOGs have the important advantage of possessing no moving parts and
therefore are more reliable than traditional mechanical gyroscopes. Broad-band sources are
used in fiber gyroscopes because their spectral characteristics limit the fluctuations of
Rayleigh backscattering and consequently reduce the excess noise. SLDs are a favored choice,
being a solid state source with broad spectrum, high intensity and possibly without
longitudinal mode [K. Böhm et al., 1981; W. Burns et al., 1983; O. Çelikel, S.E. San, 2009; J.
Jin et al., 2012].

2.5.3Superluminescent diode spectrum broadening
For some of the SLD applications previously exposed, having the widest spectrum possible is
of major importance. In this section the different approaches that have been studied to increase
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SLDs spectral width are presented. We can distinguish two main ways to increase SLD
spectral width: designing the heterostructure active region to obtain the largest possible gain
spectrum (like for quantum dots structure with large size distribution and chirped quantum
wells and dots) or modifying the bandgap energy along the light waveguiding direction (by
epitaxial means or quantum well intermixing). Of course, these two options can be associated.

 Chirped quantum wells
Chirped quantum wells have been the most common method to increase the active region gain
spectrum before the apparition of quantum dots heterostructure. By engineering multi quantum
well structure with QWs of different thickness (Figure 2.21), the active region gain spectrum
will benefit from the emission of different wavelengths from each QW [Osamu Mikami et al.,
1990; T. Yamatoya et al., 1999; J. Wang et al., 2008].

Figure 2.21 Example of band structure of a chirped quantum-well [C.-F. Lin, B.-L. Lee, 1997]

Chirped quantum well structures offer the advantage of allowing the fabrication of broad
emission devices without multi step epitaxy or intermixing additional processes. The
inconvenience of chirped QWs is the emitted spectrum’s strong dependence to injected current
density (Figure 2.22) due to the different evolution of each QW peak gain as the injected
current changes. Photon reabsorption between different QW also modifies the devices emitted
spectrum.

Figure 2.22 Emission from a SLD made from chirped quantum well heterostructure at different injection currents
[B. Wu et al., 2000]
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 Self-assembled quantum dot heterostructure
First described theoretically by [Z. Sun et al., 1999], the use of self-assembled QDs
heterostructure for SLD fabrication has been extensively studied in the last decade, [Z.Y.
Zhang et al., 2008; Boon S Ooi et al., 2008; D. Childs et al., 2009]. QD structures grown in
Stranski-Krastanov mode indeed exhibit broad emission due to their natural size distribution
(see Figure 2.23). Furthermore, at appropriate injected current density, the equal emission
from QD ground states (GS) and excited states (ES) carrier relaxation increases the devices
emitted spectrum.

Figure 2.23 Size distribution and emission spectra of ideal and real QD ensembles [Z.Y. Zhang et al., 2010]

Research is on-going to further improve this natural advantage of QD structure by epitaxial
growth parameters optimization. As for QW, chirped QD layer materials are being
investigated [I. Han et al., 2004; L. Li et al., 2005; Y.C. Yoo et al., 2007]. The augmentation
of QD distribution in size or composition is another possibility. This can be achieved by
increasing the growth rate [N. Liu et al., 2005] or by decreasing the growth temperature [C.Y.
Ngo et al., 2007], both leading to the reduction of the indium species migration length (in the
case of InAs QD) and as a consequence to an augmentation of the nucleation centers on the
wafer surface. It is interesting to note that the exact opposite effect is desired when growing
QD structures intended for laser fabrication, where a limited distribution in size for the QD
increases the modal gain at lasing wavelength and therefore, future device power efficiency.
The use of QD-based heterostructures for SLD has been extensively investigated in recent
years [M. Z. M. Khan et al., 2015; S.D. Yakubovich et al., 2015]. A record 700 nm wide
spectrum was reported using a Quantum Dash In Well structure [M Z M Khan et al., 2013]
with however a limited power of 0.3 mW.


Selective area growth
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As for QWI, the fabrication of SLD by selective area growth aims to take advantage of a
bandgap energy variation in the light propagation direction. Therefore, photons of a larger
span of energy will be emitted and the emitted spectral width will be broadened. The concept
of selective area epitaxy has been presented in the second chapter. This method has been
reported for broad band emission device fabrication [Y. Kashima, T. Munakata, 1998; J.H.
Song et al., 2007]. The principle is to obtain a bandgap gradient over the light propagation
direction. The active region is grown between insulator stripes of varying thickness. As the
stripes width influences the thickness of layers grown between them, the quantum wells
thickness will vary in the longitudinal direction (Figure 2.24). While efficient, this technique
remains complex when compared to the use of broad gain spectrum heterostructures.

Figure 2.24 Broad band light emitting device obtain by Selective Area Epitaxy. Left: Dielectric mask used during
structure growth and regions used for devices fabrication. Right: Resulting emitted spectrum [M.L. Osowski et
al., 1994]

 Quantum well intermixing
Post-growth quantum well intermixing (QWI) is a very interesting candidate to avoid the
aforementioned epitaxial issues. It has been consequently investigated for SLDs performance
enhancement by ion implantation, IFVD and PAID. Ion implantation induced disordering
(IIID) use was reported for the fabrication of 1.7 mW power SLD with a 95 nm spectral width,
a 50 nm increase compared with the as-grown material made devices [T.-K. Ong et al., 2004].
A grayscale mask was employed during implantation to obtain a bandgap variation along the
light propagation direction (Figure 2.25). IFVD was employed to enhance the FWHM of an
integrated 210 mW power SLD/SOA couple to 37 nm (a 130% increase compare to the
original design) [C.D. Xu et al., 2004]. More recently, a FWHM of 310 nm at 1145 nm center
wavelengths was obtained at millimeter power level [K.J. Zhou et al., 2012] by disordering a
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InAs/InGaAs/GaAs dot-in-well structure (Figure 2.26), again using IFVD. Quantum dot
intermixing is promising for extremely broad band device realization, benefiting from the
natural broad emission of quantum dots and their propensity to reach very large blue shift
when intermixed (due to their 3D geometry).

Figure 2.25 Left: schematic diagram of dielectric profile and bandgap energy profile in QW region created
through one-step. Right: Output spectral of non-intermixed and intermixed superluminescent diode at ~1.7 mW
output power [Y. Lam et al., 2003]

Figure 2.26 This consisted of a 200nm TiO2 film covered region, a 200nm SiO2 film covered region and a
500nm SiO2 film covered [K.J. Zhou et al., 2012]

Laser induced QWI use for SLD fabrication has been demonstrated using IR CW laser
annealing [S.D. Mcdougall et al., 1999]. The FWHM of InGaAs-InAlGaAs-based device
emission was increased from 125 nm to over 260 nm, but for an output power of 0.1 mW only.
The intermixing process wasn’t optimized for device production, since the laser beam was
stationary on the sample, producing a single annealed spot. More recently, [C.K. Chia et al.,
2007] reported a similar laser annealing processed but improved device performance by using
a QD heterostructure and designing the metal contact pad of the device to reflect the laser
beam at a certain region of the SLD. As a result, the laser beam annealed the heterostructure
only in the region not entirely covered in metal and created a two bandgap energy profile.
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Processing fabricated devices (instead of a wafer) limits the area to be processed and therefore
the annealing time.

 Multi section devices
The term multi section device here designates devices where several sections of the diode
waveguide are independent electrically. This allows injecting different current density to tune
the emission spectrum while the gain medium is the same along the entire device. Since, as
mentioned previously, the emitted spectrum may change depending on the injected current
density, we can have two sections emitting at different peak wavelength, contributing to the
spectral width increase. This has been first demonstrated on QW structure [O Mikami et al.,
1991; A. Semenov et al., 1996]. At low current density, most of the emission comes from the
lower state recombination. As the current increases, these bands are filled and the
recombination between higher states contribution becomes more important. If the current
continue to increase, the emission from the higher band becomes dominant (the emission
spectrum wavelength shifts in the blue direction). At a certain current, emission from the
lower and higher band is equal, maximizing the spectral width. Yet, this limits the device
operation to a certain current range, thus to a quasi-fixed output power. By using several
electrodes along the waveguide, versatility is offered in terms of power and spectral shape.
More recently, the use of multi section design for QD based material has been exhaustively
explored to obtain the combined contribution of QD ground and excited states (GS and ES)
emission to the emitted spectrum. Since the GS emission occurs at a lower current, its
contribution to the emitted power is smaller for the same active length. Therefore, to obtain
equal spectral contribution from GS and ES at consequent power level, the use of individually
pumped sections of different length was experimented [Y. Xin et al., 2007; X. Li et al., 2011,
2012a]. The number of electrodes can be larger than two for study purposes [P.D.L. Judson et
al., 2009] (Figure 2.27). The modeling of QD based MSSLD behaviour was studied in several
publications [M. Rossetti et al., 2009; M.T. Crowley et al., 2012].
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Figure 2.27 CW EL spectra for various drive currents in a multi-section device [P.D.L. Judson et al., 2009]

[N. Ozaki et al., 2011; Nobuhiko Ozaki et al., 2012] studied a different approach of the
MSSLD concept where the electrodes were associated with regions of different QD bandgap
energy. The multi-bandgap wafers were obtained by epitaxial means. This approach has yet to
prove its abilities in terms of reproducibility, quality and spatial resolution [Nobuhiko Ozaki et
al., 2013]. The application of QWI to the multi section concept raised some interest: [N.S.
Leeson, 2008] presented a study of a relatively simple two sections SLD design using
Quantum Well Intermixing to obtain the two different bandgap structures. [A. De Groote et
al., 2014] reported a more complex approach for multi-section and multi-bandgap
superluminescent device, using both hybrid integration and quantum well intermixing
technology (Figure 2.28). A four sections device was fabricated with two different epitaxial
structures, each one intermixed by ion implantation induced QWI on one region and left
unchanged on the other. A 292 nm 3-dB bandwidth and an output power of approximately
0.16 mW were measured when testing the devices. While delivering an impressive spectral
width, the device failed to offer a milli-watt range power. The author attributed this to
electrical contact issues.

Figure 2.28 3D overview of the III–V-on-silicon waveguide made broadband LED [A. De Groote et al., 2014]
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2.6 Summary
This chapter presented an overview of photonic integration by presenting its core principles
and the different existing integration processes, with a special focus on quantum well
intermixing. The aims of this project are to prove UV-laser-QWI processes ability to deliver
bandgap tuned samples suitable for photonic device fabrication, and SLD being the devices
used to demonstrate this ability. SLD devices’ characteristics and existing fabrication
technologies were described.

CHAPTER 3

UV Laser induced quantum well

intermixing
The following chapter details the main quantum well intermixing process studied in this thesis,
namely UV-Laser-QWI. The experimental set-up particularities, process specificities and state
of the art are described in a more exhaustive manner than in section 2.3.6. The pros and cons
of UV-Laser-QWI are finally compared to the other intermixing processes.

3.1 Experimental set up
The UV-Laser-QWI experiments contained in this manuscript were carried out using two
different excimer laser systems (an Argon-Fluoride emitting at 193 nm and a KryptonFluoride emitting at 248 nm). The term excimer laser designates a category of gas laser:
“excimer” is the contraction of “Excited Dimer”, diatomic molecules having been used as gain
medium in the first existing models (Xe2 [N. Basov et al., 1970]). However, other models
using complex molecules have since appeared and are being called “excimer” too (ArF, KrF,
KrCl, XeBr, XeCl…). The term exciplex (excited complex) should therefore be normally
employed. In excimer lasers using two different gas species, the gaseous gain medium is
typically composed of: 0.1 to 0.5 % of halogen gas (F2, Cl2), 2 to 5 % of rare gas (Ar, Kr) and
95 % of buffer gas (He, Ne). Under certain condition of pressure, the gas molecules can be
excited via gas discharge, electron beam or microwave. In the case of the systems employed
here (Lumonics Pulse Master PM-848 for both ArF and KrF systems), the excitation is
obtained via a gas discharge (see Figure 3.1). This excitation forms an unstable molecule made
of one inert gas atom and one halogen atom. During the relaxation of said molecule to the
initial stable state, a photon is emitted. For most excimer laser types, its energy will be in the
ultra violet range (the excimer laser wavelengths range from 126 nm for Ar2 lasers to 660 nm
for Xe2F laser). The emission wavelength depends of course on the molecule created, hence on
the gases contained in the laser chamber. Typical repetition rates for excimer laser range from
several hundred hertz to several kilohertz, with a pulse duration of a few tens of nanoseconds.
The pumping process follows these chemical reactions [D. Basting, 2001]:
Positive inert gas ion production:

e- +Ar

Ar+ + 2 e-

Inert gas metastable production:

e- + Ar

Ar* + e-
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Negative halogen ion production:

e- + F2

F- + F

ArF* production:

Ar+ + F- + M

ArF* production:

Ar* + F2

ArF* + M
ArF* + F

Once an unstable ArF* molecule is formed, stimulated emission can occur as the molecule
split to form a lower energy system:
ArF* + h

Ar + F + 2 h (λ = 193 nm)

Losses can be caused by 4 different phenomena:
Spontaneous emission:

ArF*

Collisional deactivation:

ArF* + M

Collisional deactivation producing Ar2F:

ArF* + M + Ar

Laser photon absorption:

X + 2 h

Ar + F + 2 h
Ar + F + M
Ar2F + M
X*

The asterisks indicate that the molecule associated is in an excited state. M designates a third
body collision partner (the buffer gas, neon in this case) and X gas impurities. The reactions
are here shown for the ArF laser, but they are similar for KrF, with krypton atoms replacing
the argon ones.

Figure 3.1 Gas discharge section in an excimer laser tube

The beam profile at the immediate output of an excimer laser is of irregular shape, making it
unsuitable for laser QWI and also for other material processing applications or
photolithography for which laser energy spatial distribution is of primary importance.
Accordingly, a beam homogenizer was installed on the irradiation system (similar to the one
in Figure 3.2). The ideal beam profile for the aforementioned applications is a top hat
distribution (i.e. sharp beam edges and a flat beam energy distribution, as on the right of
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Figure 3.3). The homogenizer system is here based on fly’s eye lens arrays. The first array
LA1 split the laser beam into several beamlets. The images from the first array are then
brought to a parallel configuration by a second lens array LA2. A focusing lens FL then
refocused the beam on a focal plan FP. The initial beam is consequently mixed and intensity
variations smoothed, so that a flat top profile is obtained.

Figure 3.2 Left: Köhler Integrator (imaging homogenizer): Two microlens arrays LA1 and LA2, one condenser
lens FL. Right: simulation of superposition in object plane for two identical microlens arrays consisting of N x N
identical lenses. [R. Voelkel, K. Weible, 2008]

Figure 3.3 Left: ArF Laser beam profile measured at laser output. Right: ArF laser beam profile measured at first
focal plan (after beam homogenization)

A consequence of using such optical system is the obligation to place the processed samples
on the focal plan of the optical system. In this case (see Figure 3.4), the beam delivery system
(from the company JPSA), which includes also the beam homogenizer, allows the use of a
mask on a first focal plan. It pattern is then projected on a second “work” focal plan where the
sample takes place on a 4 axis stage. The effects of positioning variations from the focal plan
are illustrated in Figure 3.5. Concerning the systems used, the projection systems present a 2.6
demagnification ratio for the ArF system and 1.6 for the KrF system, allowing smaller
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projected pattern than the actual mask size. At the “work” focal plan the sample positioning is
carried out by a 4 axis stage (x,y,z,θ) with micrometric precision. Laser effects on
semiconductor surface can be monitored via a CCTV system. The 4-axis stage and the
excimer laser were controlled via the same Labview interface. To control the laser fluence, the
user can modify the laser voltage or tune the attenuator situated between laser and beam
homogenizer. Laser power and stability can be measured directly at laser output by a
powermeter (Gentec-EO Duo with a Gentec PS330-VUV sensor). A beam splitter placed
before the attenuator can be set to redirect the beam to the sensor instead of the beam
homogenizer. Finally, the laser fluence at sample position is characterized using a Newport
818J-25B energy detector and a Molectron JD2000 Joulemeter.

Figure 3.4 Excimer laser irradiation set up schematic

Figure 3.5 Irradiated 100 µm large spots irradiated at different z axis position. The focal point corresponds to
extreme left spot, and the distance from this point increases from left to right. The defects visible in two corners
of the left spot were present on the mask

After laser irradiation, the RTA step was carried out using a JIPELEC Jetfirst 100 Rapid
Thermal Processor (visible in Figure 3.6). It is a bench top system able to process 4” diameter
wafers. The temperature is set by a halogen lamp furnace (consisting in twelve tubular infrared
heating lamps). Two Chromel/Alumel thermocouples and a pyrometer allow the control of
processing temperature. Four gas lines and a vacuum pumping unit can be used to set different
processing environments, and the 30 kW power furnace can reach a maximum temperature of
1250°C. An infrared quartz window separates the lamps from the reaction chamber where the
samples are annealed on a 4 inches diameter 300 µm thick silicon wafer placed on 3 beveled
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quartz pins. For the QWI experiments on InGaAs/InGaAsP/InP QW heterostructures, RTA
typical parameters were a temperature close to 700°C for 120 seconds duration in forming gas
environment (a 9:1 mix of nitrogen and hydrogen which prevents sample oxidation due to
residual water and oxygen).

Figure 3.6 Rapid Thermal Processor JIPELEC JetFirst 100

3.2 Studied multi-quantum well heterostructures
The three heterostructures used for this thesis were grown by MOCVD on an S-doped InP
substrate at the Canadian Photonic Fabrication Center (CPFC) in Ottawa. The 5
InGaAs/InGaAsP quantum wells structures were designed to obtain laser diode emitting at
1.55 µm. Their most noticeable feature is their non-doped sacrificial InP top layer. As
previously explained, this layer is of particular importance in the UV-Laser-QWI process. All
the structures used (detailed in Figures 3.7, 3.8 and 3.9) are very similar with minor
differences in specific layers: The structure M1580 has a 400 nm thick sacrificial layer while
for the two others it is 200 nm thick. The structure M0059 differs from the M0062 by having a
thinner InP layer on top of it waveguiding core (100 nm instead of 200 nm, the layer is
indicated by a blue arrow in Figure 3.9). All these heterostructure are lattice matched, unlike a
lot of commercial structures that are commonly grown as strained QW. Compressive strain
lowers the effective mass of carrier in the active region, resulting in a reduced threshold
current of laser diodes [Y. Zou, 1993]. In such structures, the strain may be affecting the point
defect diffusion [D.T. Britton, M. Härting, 2002] and QWI. However, the UV laser induced
intermixing of compressively strained heterostructure [M. Kaleem, X. Zhang, Y. Yang, et al.,
2013] has been reported with the results very similar to those concerning the lattice matched
structures presented in this thesis. It may be important to take into account that during the
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annealing step that promotes the point defect diffusion, the alloys of the active region that
have different coefficient of thermal expansion (CTE) are subject to a different stress than at
room temperature under normal operating conditions. InP-lattice-match InGaAs has a CTE of
5.66x10-6 C -1 [T. Pearsall, 1980] that is larger than that of Ga0.47In0.53AsyP1-y ((4.6+1.06y).10-6
°C-1) [Y.A. Goldberg et al., 1996]). A lattice matched InGaAs/InGaAsP quantum well at room
temperature therefore becomes compressively strained at higher temperature.

Figure 3.7 Multi quantum well structure M0062

Figure 3.8 Multi quantum well structure M1580
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Figure 3.9 Multi quantum well structure M0059

3.3 UV Laser induced Quantum Well Intermixing
UV-Laser-QWI was already introduced in section 2.3.6. The process is more extensively
described in this section. As previously mentioned, UV-Laser-QWI strongly depends on the
wafer surface composition, as it is based on laser induced surface quality and stoichiometry
modification. That is why UV-Laser-QWI on GaAs based and InP based heterostructure do
not have similar behaviour and are here separated in two sections.


GaAs based heterostructures

In the case of GaAs based-material (with a GaAs top layer), a suppression of thermally
induced QWI has been observed in regions processed by KrF laser in air environment [J.
Genest et al., 2007]. These results have been reported for AlGaAs/GaAs and
InAlGaAs/AlGaAs/GaAs quantum well microstructures. This is illustrated in Figure 3.10,
where the evolution of PL blue shift was measured as a function of laser fluence (from 50 to
100 mJ/cm2) for a number of pulses fixed at 1000. The thermally induced blue shift was
inhibited by more than 30 nm for the InAlGaAs/AlGaAs/GaAs structure and 20 nm for
AlGaAs/GaAs one.

48

UV Laser induced quantum well intermixing

Figure 3.10 Blue shift in as-grown and 1000 pulse laser irradiated AlGaAs/GaAs (squares) and
InAlGaAs/AlGaAs/GaAs (circles) samples after RTA at 900°C for 30 seconds [J. Genest et al., 2007]

X-ray photoelectron spectroscopy (XPS) measurements of the irradiated areas showed a
reduction of the GaAs related Ga peak and the increase of the Ga2O3 related Ga peak. This
gallium oxide layer is probably playing a role in blue shift suppression by inducing a tensile
stress during the RTA step (Ga2O3 having a thermal expansion coefficient higher than GaAs).
Despite its thickness estimated to several nanometers, the laser generated oxide efficiently
suppresses defect diffusion, possibly thanks to a relaxation sites density smaller than the same
material obtained by deposition. The UV Laser QWI resolution when applied to a GaAs based
heterostructure was also investigated [Jonathan Genest et al., 2007] and proved to be of 1 µm
or better (although this result was obtain by means of insulator mask patterned by
photolithography, and not by direct laser processing of a specific region of a sample).


InP based heterostructures

The experiments carried out with InP capped InGaAs/InGaAsP/InP microstructures
demonstrated after annealing a promotion of QWI by UV laser irradiation (whether using ArF
or KrF laser). This has been reported for irradiation both in air and DI water environment
[Neng Liu, J.J. Dubowski, 2013]. The relation between ArF laser irradiation in air and PL blue
shift was quantified [Jonathan Genest et al., 2008]. The intermixing coefficient was linked to
the number of laser pulse delivered for different laser fluences, from 68 mJ/cm² to 150
mJ/cm²: thanks to photoluminescence blue shift measurement of intermixed sample (Figure
3.11 Left), the intermixing coefficients were extracted using a finite element model and a
phenomenological model was then obtained:
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𝐷𝐼𝐼𝐼 = ∑𝑀
𝑖=1 𝐷𝑖 [1 − 𝑒

−𝑘𝑖 (𝑁−𝑁𝑡ℎ𝑖 )

], with N > Nth1

(3.1)

Where Di is the defect-enhanced intermixing coefficient, ki the pulse dependent rate of defect
generation, N the total number of laser pulse delivered to sample surface and Nth Incubation
number of pulse.

Figure 3.11 Left: RT PL map of an ArF laser irradiated InGaAs/InGaAsP/InP QW structure after RTA at 725°C
for 120 seconds. The upper and lower numbers correspond to the number of laser pulses and blueshift amplitude,
respectively. Right: Variation of PL blueshift as a function of pulse number delivered by the ArF laser at 68, 75,
90 and 150 mJ/cm2. Solid lines are theoretically calculated values, squares are experimental data [Jonathan
Genest et al., 2008]

The blue shift in the irradiated regions is a function of the laser dose as well as of the
annealing duration and temperature. The blue shift in the irradiated region was reported to
saturate at an extended annealing time [Neng Liu, 2013]. While the saturation of blue shift as a
function of laser pulses can be attributed to the damage induced to the sacrificial layer and to
ablation of material, the blue shift saturation with annealing time is likely related to the
emptying of the defect reserve created near the surface by laser irradiation.
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Figure 3.12 Net PL blue shift as function of annealing duration in the laser irradiated sites of a laser QW
heterostructure (A1, A2) and a shallow well QW heterostructure (B1,B2) [Neng Liu, 2013]

UV Laser/surface interactions occurring during QWI were characterized by different means.
An extensive study of laser – surface interactions and comparison of ArF and KrF laser QWI
in air and DI water was published in [Neng Liu, J.J. Dubowski, 2013]. While some aspects are
similar with the two lasers, reflection and absorption of InP are different at 193 nm (0.43 and
1.25 x 106 cm-1 respectively) and 248 nm (0.6 and 1.77 x 106 cm-1 respectively) wavelengths
(Figure 3.13). Due to the greater reflectivity of InP surface for KrF laser irradiation compared
to ArF laser, a larger fluence has to be used in the first case to deliver a similar energy to the
sample surface. In both case, laser-surface interactions result in InPxOy oxides creation (as
shown by XPS measurement in Figure 3.14). The irradiation in DI water resulted in a smaller
oxide concentration than in air, possibly due to its solubility in water. The amount of
intermixing seems to be related to oxide concentration and is accordingly lesser for DI water
irradiation compared to air irradiation. Post RTA data indicated that most of oxides have been
evaporated and/or decomposed. The influence of surface oxide concentration on intermixing
has been confirmed by Time of Flight – Secondary Ions Mass Spectrometry (TOF-SIMS)
measurements (Figure 3.15) which revealed important quantity of oxygen has diffused from
the sample surface through the heterostructure. The point defects contributing to QWI are
therefore very probably created by the introduction of oxygen interstitials. It has been
observed experimentally for ArF laser irradiation that the use of medium free from oxygen
(apart from residual traces), such as vacuum (30 mTorr pressure) or nitrogen, resulted in very
limited blue shift (less than 20 nm) in the irradiated regions, thus confirming the prominent
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role of oxygen in UV laser induced QWI. This may bring new paths of research on the
intermixing control by limitation of oxygen amount during laser irradiation.
Oxygen being an impurity undesired for device fabrication which can produce non-radiative
recombination and scattering centers [T. Someya et al., 1993] as well as change material
electrical properties [P.E. Thompson et al., 1984], its incorporation to the heterostructure may
appear problematic. However as the TOF-SIMS measurement on Figure 3.15 indicates, the
oxygen concentration decreases to as grown material level within approximately 180 nm.
After annealing, the etching of the InP sacrificial layer removes the oxygen rich region and the
other defects created by the laser irradiation, leaving a structure proper for device fabrication,
given said layer thickness is sufficient. Further work will however be required to evaluate the
effects of remaining oxygen impurities on devices’ performance and aging.

Figure 3.13 Absorption (left) and reflectance (right) spectra of InP [D.E. Aspnes, A. Studna, 1983]
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Figure 3.14 Dependence of XPS atomic concentration of InP and surface adsorbates on the laser pulse number in
samples irradiated with ArF laser in DI water (a), in air (b) and after RTA of the sample irradiated in DI water (c)
and in air (d). [Neng Liu, J.J. Dubowski, 2013]

Figure 3.15 TOF-SIMS oxygen concentration depth profile in as grown sample, and in samples irradiated with
ArF laser in DI water and in air before (a) and after (b) RTA at 700◦C for 2 min [Neng Liu, J.J. Dubowski, 2013]
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3.4 Application to device fabrication: intermixed material made laser
diodes
The performance comparison of laser diode made from intermixed and as-grown material
gives pertinent information on the quality of the heterostructure processed with UV-LaserQWI. 500 µm long broad area injection laser diode were therefore fabricated from the
heterostructure M0062 described in Figure 3.7 [Jonathan Genest, 2008] as well as from an
unprocessed sample of this same heterostructure. The measured laser diodes’ emission
wavelength covered a large range; reaching blue shifts up to 140 nm compared to the
reference diodes (Figure 3.16). The current threshold of the intermixed devices appeared to be
lower than for reference ones (Figure 3.17). This might be attributed to two factors: the
increase of the optical gain in the intermixed region [H. Li, 2000] or a deficient initial material
quality. Nonetheless it indicates that the UV-Laser-QWI did not damage the optical properties
of the heterostructure. This was already suggested by the PL peak intensities which were
measured to be equal in the laser irradiated and in the annealed – only regions. For current
density values over the lasing threshold, the lesser slope of the intermixed devices can be
explained by a decrease of the carrier confinement in the intermixed quantum wells which
affects the internal quantum efficiency [J. Yellowhair et al., 2002]. These results were
confirmed by another publication: [M. Kaleem, X. Zhang, Y. Zhuang, et al., 2013] reports the
Fabry Perot laser diodes fabrication from a blue shifted InGaAsP/InP structure. The diodes
made from a 142 nm blue shifted region similarly showed a smaller threshold current than the
one made from RTA only region (blue shifted by 12 nm).

Figure 3.16 Broad area injection laser diode spectra from intermixed and as-grown material [Jonathan Genest,
2008]
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Figure 3.17 Comparison of as-grown and intermixed laser diode LI characteristics [Jonathan Genest, 2008]

3.5 Comparison with other intermixing processes
In chapter II, the advantages and inconveniences of the different intermixing processes were
introduced when describing each one of them. The important aspects to be considered are
listed in table 3.1 and 3.2: the ability to process InP or/and GaAs based materials, to deliver
spatially well-defined multi bandgap structure more complex than two shifted and non-shifted
regions, to modify the bandgap energy without introducing harmful defects (non-radiative
recombination centers), to deliver the structure in a reproducible manner within a reasonable
deployment cost.
UV-Laser-QWI has already proved to be able to equal the best existing QWI processes with a
lateral resolution at least of 1 µm [Jonathan Genest et al., 2007], a resolution sufficient for
typical photonic device fabrication. Only high energy implantation QWI shows a better
resolution, but at the cost of affecting directly the active region; and is therefore not suitable
for device fabrication. Each processes considered have demonstrated the ability to intermix
both GaAs and InP based heterostructures. As seen in the first section, UV-Laser-QWI has
been less experimented on GaAs based heterostructures but was proved to be achievable.
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Multiple (>2) bandgap

QWI
Process

Target material

IFVD

GaAs/InP

Possible but with increased
process complexity

Good

IID

GaAs/InP

Poor

Poor (undesired doping)

Ion
implantation

GaAs/InP

Possible but with increased
process complexity

Good (for low implantation
energies)

ICP

GaAs/InP

Possible but with increased
process complexity

Good

SiO2
sputtering

GaAs/InP

Poor

Poor

IR Laser

GaAs/InP

Good

Fair (possible damage
created by high laser energy)

UV-LaserQWI

GaAs (lesser
knowledge)/InP

Good

Good

energies wafer production

Processed material quality

Table 3.1 Comparison of QWI processes regarding the type of heterostructure they are able to process, the final
material quality and the final heterostructure quality

QWI
Process

Reproducibility

Spatial resolution

Ease of use

IFVD

Poor

Good : 2µm [S. Sudo et al.,
1996]
(difficulties to avoid blue shift
on the uncovered surface)

Common in
microfabrication facilities
PECVD system ~ several
$100K

IID

Poor

Good

Low cost

Ion
implantation

Fair

Good: 2,5 µm for a laser
structure [H. Li, 2000]

ICP

Fair

Good: 2,4 µm [H.S. Djie, T.
Mei, 2005]

SiO2
sputtering

Poor

Good: 3 µm [A.S. Helmy et
al., 2006]

Sputtering system: ~
several $100K

IR Laser

Good (iterative
correction process)

Fair: 25-50 µm [O. Voznyy et
al., 2006]

Nd:YAG and/or Laser diode
~ several $10K

Common in
microfabrication facilities
Modern Ion implanter: ~
several $M
Familiar in photonics
microfabrication facilities
~ several $100K

Excimer laser ~ several
$10K
(but toxic gas to manage)
Table 3.2 Comparison of QWI processes regarding their reproducibility, spatial resolution and ease of use
UV-LaserQWI

To be evaluated

Good: 1µm [Jonathan
Genest et al., 2007]

The final material quality is one of the most decisive aspects for the choice of a bandgap
tuning process. UV-Laser-QWI, as well as IFVD, ion implantation or ICP intermixing
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methods have proved to be able to deliver material with very limited alteration of its optical
qualities. IID on the other end changes the doping properties of the structure, therefore
damaging the performance for active devices. Silica sputtering and IR Laser heating both
showed difficulties to produce material without degrading the structure, the first one due to the
high quantity of defects created by sputtering, the second due to the laser high power density.
The IR-RTA process developed at Université de Sherbrooke aimed to reduce this reduced this
effect by using simultaneously two lasers.
Very little research has been done on the reproducibility of those techniques. IR Laser, ICP
and ion implantation based techniques were reproducible enough to allow the production of
descriptive models. Ion implantation induced QWI was reliable enough to be used for the
fabrication of a certain number of relatively complex photonic devices, as explaining in the
previous chapter. Obtaining reproducible results with IFVD can be more troublesome, as
variations in the quality of the deposited layer may affect the intermixing range. The
intermixing control of SiO2 sputtering induced QWI and IID may also be difficult. UV-LaserQWI was reliable enough to produce a descriptive model too, but no extensive study on the
subject was yet available.
Finally, UV-Laser-QWI being a lithography-free bandgap tuning process, it has the potential
to be very cost effective, especially when considering the cost of an excimer laser system
(several tens of thousands of dollars) compared to the one of facilities required for IFVD or
ion implantation induced disordering (i.e. PECVD system, photolithography facilities, ion
implanter,…). The cost of those installations must however be relativize since they are
common to microfabrication facilities, especially PECVD and photolithography systems.

3.6 Summary
In this chapter was presented a large overview of the UV-Laser-QWI process experimental,
physics and technological aspects. The current knowledge laser-surface interactions behind the
process was introduced, as well as the general bandgap blue shift behaviour depending on
laser dose and the irradiated structure. Laser diodes were the first devices made from
intermixed material and their performances suggest that the material quality is not altered by
UV-Laser-QWI. Finally, when compared to other intermixing processes, UV-Laser-QWI for
InP-based structure comes up as one of the most cost-efficient with an ability to deliver multibandgap structure more complex than a basic intermixed/non-intermixed one. Moreover, the
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direct laser writing aspect makes it one of the most versatile, potentially free from additional
photolithography steps. In the light of those observations, UV-Laser-QWI is appearing more
and more interesting as a photonic integration solution. Yet, the process must prove itself for
the fabrication of more complex devices, at least from a multiple bandgap structure
complexity aspect, and shows its ability to do so in a consistent manner. These two aspects are
studied in the following chapters.

CHAPTER 4

UV-Laser-QWI: process practicality

As explained in the previous chapter, despite a noticeable potential, UV-Laser-QWI must
demonstrate more clearly its qualities to define itself as an industry appealing bandgap tuning
process. This chapter presents the study of UV laser induced quantum well intermixing
reproducibility and practicality for bandgap tuning. The experiments were carried out using
the InGaAs/InGaAsP/InP quantum well heterostructures described in the preceding chapter.
The first part of the chapter is a general evaluation of UV-QWI reproducibility, as presented in
the journal article titled “Excimer laser induced quantum well intermixing : a reproducibility
study of the process for fabrication of photonic integrated devices”, published in Optics
Express, volume 23, issue 2, pages 1073 to 1080, in January 2015. The following sections deal
with additional considerations, such as the RTA facility induced reproducibility limitations
and the laser irradiation fluence variation effects. The in-site PL blue shift variations are then
quantified and a relation with the delivered laser dose is established.

4.1 Excimer

laser

induced

quantum

well

intermixing:

a

reproducibility study of the process for fabrication of photonic
integrated devices
Romain Beal, Vincent Aimez and Jan J. Dubowski
Interdisciplinary Institute for Technological Innovation (3IT)
Department of Electrical and Computer Engineering, Université de Sherbrooke
3000 boul. de l’Université, Sherbrooke, Québec J1K 0A3, Canada

4.1.1Abstract
Excimer (ultraviolet) laser-induced quantum well intermixing (UV-Laser-QWI) is an
attractive technique for wafer level post-growth processing and fabrication of a variety of
monolithically integrated photonic devices. The results of UV-Laser-QWI employed for the
fabrication of multibandgap III–V semiconductor wafers have demonstrated the attractive
character of this approach although the process accuracy and reproducibility have remained
relatively weakly covered in related literature. We report on a systematic investigation of the
reproducibility of this process induced with a KrF excimer laser. The influence of both the
irradiation with different laser doses and the annealing temperatures on the amplitude of
59
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intermixing in InGaAs/InGaAsP/InP quantum well heterostructures has been evaluated based
on the photoluminescence measurements. Under optimized conditions, the process allows to
blue shift the bandgap of a heterostructure by more than 100 nm with a remarkable 5.3%
relative standard deviation.

4.1.2Introduction
Over the past 25 years, the complexity of photonic integrated devices has progressed from a
simple laser-modulator architecture [H. Soda et al., 1990] to wavelength division multiplexing
transmitter/receiver devices with several hundreds of components integrated within the same
wafer [F. Kish et al., 2013]. Such devices require the coexistence of different heterostructures
suitable to deliver a plethora of functions handled by a photonic integrated circuit (PIC). The
most obvious approach allowing such functions is based on the epitaxial growth of wafers
that, through a series of etch-and-re-growth steps, could deliver multi-bandgap wafers [A.
Talneau et al., 1988; P.J. Williams et al., 1990; C.A. Verschuren et al., 1998]. However, the
regrowth techniques rely on so-called butt-joint architecture, and thus are relatively complex
and frequently encounter difficulties in delivering high-quality interfaces. Selective area
growth (SAG) [M. Gibbon et al., 1993; J.J. Coleman et al., 1997] is an alternative method that
allows limiting the number of re-growth steps by employing dielectric masks to control the
thickness of nearby growing layers. The weak point of this technique concerns the difficulty in
controlling the thickness of a layer in the vicinity of a dielectric mask. Hybrid integration is a
seemingly promising lead which takes advantage of a relatively low cost of silicon for the
passive sections and III/V heterostructures for active operations [M.J.R. Heck et al., 2013].
Devices emitting over a large spectrum may however require several active bandgap
structures. Such devices can be obtained by bonding either different heterostructures on the
same silicon wafer [H.-H. Chang et al., 2010] or by interfacing with a single structure
previously processed by quantum well intermixing (QWI) [S.R. Jain et al., 2011]. The QWI
process is a post growth technique designed to modify the bandgap energy profile of an
existing quantum well (QW) system by intermixing the species of the barriers and the wells
[H. Li, 2000]. While rapid thermal annealing (RTA) is applied to activate intermixingpromoting point defects, a selective area intermixing is achieved by introducing point defects
in selective areas of the investigated QW wafers. QWI brings less complexity over epitaxial
etch-regrowth processes and increases versatility in desired wafer bandgap tuning. Thus, the
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QWI process could deliver multi-bandgap wafers rapidly and, potentially, at an attractive
manufacturing cost. Examples of QWI approaches include impurity induced disordering (IID)
[W.D. Laidig et al., 1981], impurity free vacancy disordering (IFVD) [J.H. Marsh, 1993],
infrared laser annealing [Radoslaw Stanowski et al., 2009] (also known as photon absorption
induced disordering (PAID)) [C.J. McLean et al., 1992], plasma induced intermixing [H.S.
Djie, T. Mei, 2005] and ion implantation induced intermixing [V. Aimez, J. Beauvais, J.
Beerens, D. Morris, et al., 2002; S.C. Du et al., 2011]. Among these processes, ultraviolet
laser-induced quantum well intermixing (UV-Laser-QWI) is particularly appealing due to its
ability to produce selective area bandgap tuned wafers without employing contact masking
and associated processing steps. In addition to pulsed IR laser QWI [B S Ooi et al., 1997; A.
McKee et al., 1997], both visible [K. Brunner et al., 1992] and pulsed UV [Jonathan Genest et
al., 2007, 2008] lasers have been investigated for selective area bandgap engineering. The
influence of different environments on UV-Laser-QWI, such as air, SiO2 and deionized water
has been investigated, demonstrating significant blue shifts with a minimal modification of the
quality of InP/InGaAs/InGaAsP QW microstructures [Jonathan Genest et al., 2008; Neng Liu
et al., 2013; Neng Liu, J.J. Dubowski, 2013]. These experiments have revealed that laser
irradiation in air leads to the formation of the InPxOy compound on the surface of a cap InP
material, while irradiation in water leads to only a partially decomposed InP cap whose
stoichiometry is restored following the rapid thermal annealing (RTA) step. Consistent with
this observation are relatively large bandgap blue shifts (130 nm) found in microstructures
processed in air with the excimer UV-Laser-QWI technique [Neng Liu, J.J. Dubowski, 2013;
M. Kaleem, X. Zhang, Y. Yang, et al., 2013]. An example of the successful application of
such an approach for device fabrication are high-intensity InGaAsP/InP laser diodes [M.
Kaleem, X. Zhang, Y. Yang, et al., 2013]. To address the potential of the QWI method for
industrial applications, it is mandatory to investigate its reproducibility based on a relatively
large sampling. Related to this has been a reproducibility study of the ion implantation
induced QWI [J.E. Haysom, 2001]. Here, we discuss the results related to UV-Laser-QWI
reproducibility in samples irradiated with a KrF laser in an air environment. Due to the
possibility of the laser irradiating numerous sites on the same sample, the number of
investigated sites for that purpose was equivalent to 217 samples that would have to be
processed with an alternative (laser-free) QWI technique.
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4.1.3Experimental details
The experiments were carried out using 5-QW InGaAs/InGaAsP laser heterostructures grown
by MOCVD on 3-inch diameter InP substrates. The heterostructures, designed for the
fabrication of laser devices emitting at a 1.55 µm wavelength, were capped with a 200 nm
undoped InP sacrificial layer. After completion of the intermixing process, this layer was
removed by wet etching, which allowed achieving samples with a minimized concentration of
surface defects. A cross-section of the investigated heterostructures is shown in Figure 4.1.
Prior to laser irradiation, the samples were submitted to solvent cleaning (successively in
Opticlear, acetone and isopropanol) using an ultrasonic bath. The samples were irradiated in
an air environment with a KrF (248 nm) excimer laser (GSI Lumonics PM-848). The laser
produced 20 ns pulses of fluence extending up to 380 mJ/pulse. A typical energy root mean
square (RMS) variation of the fluence, measured for 290 mJ/pulse, was estimated at 2.6% over
an hour of operation at a 2 Hz repetition rate. A beam delivery system comprising a fly- eyearray homogenizer allowed producing top hat shape pulses with σRMS intensity of 5% over an
area of 15 mm x 11 mm. Rectangular 3 mm x 2.25 mm and round 3 mm diameter masks were
placed in the plane of the laser homogenized beam and projected on the sample surface with a
demagnification ratio of 1.6. Samples were irradiated with a fixed pulse fluence of 155 mJ/cm2
and the intermixing amplitude was controlled by changing the total number of irradiating
pulses. While lower laser fluence irradiation has been reported to promote intermixing [Neng
Liu, J.J. Dubowski, 2013], this particular value was chosen based on experimental evidence
indicating that a slightly increased fluence improves intermixing homogeneity within the
processed site.
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Figure 4.1 Cross-section of the 5-QW laser heterostructure employed for a reproducibility study of the UV-LaserQWI process

The number of pulses delivered by the laser on the sample surface ranged from 1 to 150. After
laser irradiation, the samples, each comprising between 6 and 25 sites, were annealed
individually at 670°C for 2 minutes. The RTA step was carried out using a 30 kW JIPELEC
Jetfirst thermal processor with the process temperature induced with infrared lamps and
monitored by a chromel/alumel thermocouple. A 4-inch 350-µm thick silicon wafer was used
to support the annealed samples. Quartz rods fixed in the RTA chamber were used to support
the wafer itself. The samples were placed face down on the silicon substrate to minimize
material desorption. Also, to minimize the effect of potential temperature variations along the
wafer, the samples were installed, each time, at nominally same location with respect to the
location of the temperature monitoring thermocouple. The RTA process was performed in
forming gas environment (N2:H2, 9:1). The samples’ photoluminescence (PL) was measured
before and after intermixing using a Philips PLM-150 industrial PL mapping system. The
measurements were performed at room temperature using a 1064 nm Nd:YAG laser as an
excitation source. By measuring the variation of PL peak position (blue shift), these
measurements allowed us to investigate indirectly the modification of the QW concentration
profile for each laser processed site.
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4.1.4Results and discussion
A total of 12 samples were processed, exhibiting 217 PL blue shift values for different laser
doses. Figure 4.2 shows blue shifts (|Δλ|) measured as a function of pulse number for all the
investigated sites (a), and the average blue shift values as a function of pulse number obtained
for a minimum of 4 sites irradiated under the nominally same conditions (b). The PL blue shift
evolution displays a rapid increase of the amplitude for laser doses for up to N = 5 pulses,
which is followed by a weak dependence for 4 ≤ N < 15. Within the next 20 pulses, the blue
shift amplitude increases about 50%, and it shows relatively stable values for 50 ≤ N < 70,
followed by a slow decrease for N > 70. This decrease is likely concomitant with the onset of
laser ablation, which may remove the oxygen rich layer created near the surface of the
irradiated material. The removal of such a layer would decrease drastically the amount of
point defect participating in the intermixing process during the subsequent RTA step. In
addition to the blue shift plateau observed for 4 ≤ N < 15, Figure 4.2(b) shows another plateau
discernible for 50 ≤ N < 70 pulses. In the remaining part of this document, we will refer to
these as plateau 1 and plateau 2, respectively. The formation of a PL blue shift plateau may be
linked to the saturation of the concentration of laser-induced point defects due to the complete
removal of ad-atoms [N. Itoh, A. Stoneham, 2001] and formation of defect clusters that act as
traps for point defects, preventing them from diffusing toward the active region and
participating in the intermixing process [S. Charbonneau et al., 1998]. We note that a 2-plateau
evolution was also observed during the ArF-based UV- Laser-QWI process investigated for a
similar 5-QW laser heterostructures [Jonathan Genest et al., 2008]. It appears that at these
conditions, defects that enhance the QWI process have been exhausted and formation of a new
type of surface defects begins to take place. For instance, it has been reported that the removal
of Ga atoms from the GaAs surface is defect initiated and the irradiation with 1.35 eV laser
pulses at 400 mJ/cm2 could increase and saturate rapidly their removal rate with the pulse
number, while for low-fluence pulse irradiation of 200 mJ/cm2 such a removal rate decreased
and saturated at a significantly lower level [J. Kanasaki et al., 1993].
A weak dependence of the PL blue shift on the pulse number defines conditions where the
UV-Laser-QWI technique could offer the most reproducible results independently from the
reproducibility related to the material non-uniformity or the annealing conditions discussed
later in this report. Clearly, it is reasonable to expect that the error of |Δλ| would be minimized
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when different samples of the investigated QW microstructure were irradiated with N ≈10 and
N ≈60 pulses. We have investigated statistics of the |Δλ| values observed in the two saturation
regions, as these provide an interesting perspective to the application of UV-Laser-QWI for
the delivery of multi bandgap wafers with a prominent reproducibility. The |Δλ| values for
each plateau were compiled, giving a total of 67 results for plateau 1 and 37 results for plateau
2. The thermal shift generated in the non-irradiated material was also considered for
comparison, based on 12 data points. The related results are presented in Figure 4.3. It can be
seen that the |Δλ| values for plateau 1 range between 60 nm and 77 nm, with a mean value of
70.6 nm (± 15%), and a standard deviation of 4.5 nm (6.4%). For plateau 2, the |Δλ| values
range between 91 nm and 113 nm, giving a mean value of 101.5 nm (± 11.3%) and a standard
deviation of 5.4 nm (5.3%). At the same time, it can be seen that |Δλ| for the non-irradiated
material ranged between 5 and 8 nm, giving a mean value of 6.7 nm.
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Figure 4.2 (a) PL blue shift as a function of pulse number for samples irradiated at 155 mJ/cm2. The results
shown with the same style symbols identify the sites processed on the same sample. (b) Average values of PL
blue shift (δblue) collected as a function of pulse number (only data for minimum 4 sites irradiated under the
nominally same conditions are taken into account)
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Figure 4.3 Distribution of the |Δλ| values for the unirradiated material (red columns) and samples irradiated with
4-15 pulses (green columns) and 50-70 pulses (blue columns)

We have also investigated the influence of RTA conditions on achieving reproducible QWI
results. Figure 4 shows |Δλ| values observed for a series of samples irradiated with 20 pulses
(plateau 1 region) and with 60 pulses (plateau 2 region) that were RTA for 120 s in the
temperature range between 640 and 710°C. This Figure illustrates also the thermal stability of
the non-irradiated material in the same temperature range. It can be seen that |Δλ| of the nonirradiated material increases from 3 nm at 640°C to 14 nm at 710°C. At the same time, the |Δλ|
amplitude increases linearly between 640 and 690°C, at a rate of 1.8 nm/°C, for both groups of
the samples. Taking into account that the RTA process allows to control a set point
temperature with ± 5 °C, we estimate that the intended |Δλ| value can be affected by a related
error of up to ± 9 nm.
With the analysis of the impact of annealing temperature on the blue shift amplitude, more
insight can be provided regarding the UV-Laser-QWI process reproducibility under improved
annealing conditions. Hence, two samples were processed with a series of laser irradiated
sites. Similarly to previous experiments, the samples were irradiated in air environment with a
pulse fluence of 157 mJ/cm2 projected on 1.1 mm square sites. The first sample was processed
at 34 different sites, each with 15 pulses (corresponding to plateau 1) and the second was
processed at 30 different sites, each with 60 pulses (corresponding to plateau 2). Both samples
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were then annealed at 670°C for 2 min. By processing 2 samples, each with a series of sites
irradiated with the same number of pulses, a more accurate evaluation of uncertainty of the
|Δλ| amplitude related to the laser process alone, free of RTA variations, could be carried out.
The related results are presented in Figure 4.5.

Figure 4.4 PL determined blue shift as a function of the RTA temperature for as-received material (◼) and sites
annealed with 20 (●) and 60 (▲) pulses

For the sites of the plateau 1 sample, |Δλ| amplitude ranged from 62 to 72 nm for a 67.4 nm
mean value and for the sites of the plateau 2 sample, it ranged from 94 nm to 106 nm for a 101
nm mean value. These values are consistent with the data discussed in Figure 4.2. For the
plateau 1 and 2 samples, the standard deviation was determined as 3.1 nm (4.6%) and 3.2 nm
(3.2%), respectively. Thus, the reproducibility of |Δλ| from site to site on such samples was
found to be superior to that observed for the set of 12 separate samples processed nominally
under the same conditions, but annealed separately. The corresponding maximum variation
range decreased from ± 15% to ± 7.9% for the plateau 1, and from ± 11.3% to ± 6.9% for the
plateau 2, while the relative standard deviation decreased from 6.4% to 4.6% for the plateau 1
and from 5.3% to 3.2% for the plateau 2.
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Figure 4.5 Distribution of the |Δλ| values for two samples irradiated at 34 sites with 15 pulses (green columns)
and 30 sites with 50-70 pulses (blue columns) respectively

4.1.5 Conclusion
We have investigated reproducibility and the precision of the QWI process induced with the
UV-Laser-QWI technique. The samples of a wafer with InGaAs/InGaAsP/InP 5-QW laser
heterostructures were laser processed in air environment and annealed in a commercial RTA
instrument. The PL blue shift evolution as a function of delivered pulse number exhibited two
plateaus, defined between 4 and 15 pulses, and between 50 and 70 pulses. The results have
demonstrated that material with quantum well bandgap blue shifted by 70.6 nm (first plateau)
and 101.5 nm (second plateau) can be delivered within ± 15% and ± 11.3%, respectively. The
RTA temperature control was revealed to be of critical importance for achieving high control
of the blue shift amplitude. In the temperature range of 640-690°C, the heterostructure PL
determined bandgap varied at the rate of 1.8 nm/°C, which for the RTA system capable of
controlling a set point temperature with ± 5 °C, resulted in the bandgap uncertainty of ± 9 nm.
When delivering a 2-bandgap material using the UV-Laser-QWI process applied to the same
wafer, the bandgap could be delivered within ± 7.9% ( ± 15% on independently RTA samples)
for the plateau 1 region, and within ± 6.9% ( ± 11.3% on independently RTA samples) for the
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plateau 2 region. Thus, we have demonstrated that the application of the UV-Laser-QWI
process for bandgap engineering of InGaAs/InGaAsP/InP QW laser heterostructures has the
potential to deliver 3-bandgap material, consisting of a background and 2 plateau regions
sections, with blue shifted amplitudes controlled to better than ± 8%. Such feature is
considered highly attractive for the fabrication of advanced multi- bandgap materials at the
wafer level in the absence of successive microfabrication steps.
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4.2 Additional considerations on UV-QWI reproducibility
4.2.1Detailed analysis of experimental results
This section presents some focus on the 217 PL blue shift values collected over 12 different
samples to evaluate the UV-Laser-QWI reproducibility in the previous article. Figure 4.6
shows the entire data set with an exponential fitting curve. Figures 4.6 to 4.11 present clearer
views of the data points presented in Figure 4.2, focusing on the 0 to 4 pulses (the initial blue
shift increase), 4 to 15 pulses (first plateau), 15 to 50 pulses (second increase phase of PL blue
shift) and 50 to 70 pulses (second plateau) laser doses respectively.
It is very relevant to point out that from the 12 samples used for this experiment, 8 samples
were taken from a same wafer and 4 from another one of the same heterostructure produced by
the same crystal grower. No clear difference could be observed from the blue shift behaviour
of the two wafers. This indicates the wafer-to-wafer reproducibility of the UV-Laser-QWI
process.
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Figure 4.6 PL Blue shift values measured for laser doses from 0 to 80 pulses at 155 mJ/cm² fluence, an
exponential fit curve is added (green dashes)

The figure 4.7 shows the initial blue shift increase between 0 and 4 pulses. The blue shift
values measured for non-irradiated material correspond to the thermal shift produced by the
sample annealing. This value is inherent to the heterostructure quality resulting of the growth
process, the well and barrier species and the compositional discontinuity between them [K.
Mukai et al., 1994].

80
70

PL blue shift, || (nm)

60
50
40
30
20
10
0
0

1

2

3

4

Pulse number

Figure 4.7 PL Blue shift values measured for laser doses from 0 to 4 pulses at 155 mJ/cm² fluence after annealing
at 670°C
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Figure 4.8 PL Blue shift values measured for laser doses from 4 to 15 pulses at 155 mJ/cm² fluence (first
saturation plateau) after annealing at 670°C
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Figure 4.9 PL Blue shift values measured for laser doses from 15 to 50 pulses at 155 mJ/cm² fluence after
annealing at 670°C
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Figure 4.10 PL Blue shift values measured for laser doses from 50 to 70 pulses at 155 mJ/cm² fluence (second
saturation plateau) after annealing at 670°

4.2.2 RTA system limitations
The results presented in the first section showed the ability of UV-QWI to deliver bandgap
tuned quantum structure in a reproducible manner. The results presented in the previous
section revealed that the temperature variations during the RTA step were the major source of
uncertainty for intermixing. When considering the two samples mentioned in the last
experiment of this same, the |Δλ| values of plateau 1 sample appeared to vary along to a
specific direction. The lowest |Δλ| values were localized on one side of the sample and the
highest on the other side of the 7 mm large sample (see Figure 4.11). Since this behavior does
not correspond to the laser sites irradiation order, nor to a pre-process sample bandgap
variation, this suggests that the RTA system exhibits position dependent temperature
variations over the silicon support wafer surface and that the sample was submitted to a
temperature gradient during annealing. Based on the blue shift / annealing temperature relation
presented in the previous section, the temperature change over the sample width can be
estimated to be close to 6°C. The |Δλ| spatial dependence is however less clear for plateau 2
sample, as shown on the PL map Figure 4.12, possibly because of a saturation of point defects
surface concentration after laser irradiation.
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Figure 4.11 Left: photoluminescence peak wavelength mapping of sample processed in 34 sites with 15 pulses of
KrF laser at 155 mJ/cm² fluence; right: cross section of the same PL Map illustrating the blue shift variation
across sample width along the direction indicated by a double arrow on the left figure

Figure 4.12 Photoluminescence peak wavelength mapping of sample processed in 30 sites with 60 pulses of KrF
laser at 155 mJ/cm² fluence

These results were reproduced on a second set of samples which confirmed a strong spatial
dependence of |Δλ| for a 15 pulses laser dose. The experimental conditions were similar to the
previous two samples: 15 and 60 pulses laser doses were delivered on 34 and 30 different
respectively on two different samples. These results seem to indicate that the blue shift
variations measured on a same sample owe to a certain extend to RTA system limitations and
that the laser irradiation caused blue shift site to site variation is possibly lower than the
collected values.
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For the results presented in this thesis, the influence of annealing temperature spatial
variations were limited due to the relatively small size of processed samples (less than 10 mm
large) and by placing the samples at the same location for each annealing step. The experiment
described in Figure 4.8 intended to evaluate the temperature spatial variation across the entire
4” wafer size: during a same annealing step, four samples were positioned according to the
figure (the usual sample position during experiments is the sample D’s one). The samples
were annealed for 2 minutes at 700°C and then characterized by PL mapping. Each sample
had previously been irradiated in two different sites with a 155 mJ/cm² laser fluence and 20
and 60 pulses laser doses. These parameters correspond to the ones used for the temperature
influence related experiment summarized in Figure 4.4.
The 24 nm blue shift difference between samples B and C for the 20 and 60 pulses irradiated
regions (cf. table 4.1) indicates an approximate 13°C difference between the two sample
positions during annealing. For samples A and D, the 26 nm and 18 nm PL peak wavelength
difference between the 20 and 60 pulses irradiated area respectively indicate a similar
temperature difference (this correspond to 14°C and 10°C temperature difference
respectively). These results show the importance of temperature induced blue shift variation
over a 2 cm distance. Therefore, for the JIPELEC Jetfirst system, sample dimensions have to
be limited in order to preserve the process reproducibility.

Figure 4.13 Position on the RTA support wafer of the different test samples and the thermocouple

Finally an example of the RTA influence on the QW bandgap tuning is displayed in Figure
4.14: two sample irradiated in the exact same conditions were annealed with a 5°C
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temperature difference (670°C and 675°C) for two minutes. For each irradiated sites, at equal
laser dose, the blue shift difference varied between an additional 5 nm and 12 nm for the
sample annealed at 675°C.
Pulse number

0

20

60

Sample A PL Peak Wavelength

1533.5 nm

1438 nm

1412 nm

Sample B PL Peak Wavelength

1533 nm

1440 nm

1414 nm

Sample C PL Peak Wavelength

1528 nm

1406 nm

1390 nm

Sample D PL Peak Wavelength

1530 nm

1412 nm

1393 nm

Table 4.1 PL Peak wavelength as a function of annealing temperature for different irradiation dose (fluence: 155
mJ/cm²) for 4 samples placed on different locations of the support wafer during RTA
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Figure 4.14 Comparison of the blue shift of two samples irradiated with different pulse number at a 155 mJ/cm²
laser fluence and annealed for 2 minutes with a 5°C variation

4.2.3 Laser fluence variations
The RTA step influence on process reproducibility having been extensively addressed, the
laser irradiation side of the problem must not be overlooked. Stability measurements were
carried out using a Gentec-EO Duo power-meter placed at the direct output of the laser before
the beam delivery system. The power-meter possesses a statistics option, which can be used to
measure stability over a set duration. All the measurements presented in this section were
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performed setting the laser repetition rate at 2Hz for a 30 kV excitation voltage. The
measurement was carried out after 30 minutes of operation of the laser to allow the power to
stabilize. Over 60 minutes of operation, for a 290 mJ average energy per pulse, the root mean
square stability was measured to be of 2.6 % and peak-to-peak maximum variation of 28.8 %.
The laser fluence stability at sample position was measured using a Molectron JD 2000 joulemeter which unlike the Gentec-EO allows fluence acquisition on a computer of individual
pulse. The measurement on the left of Figure 4.15 represents the evolution of laser fluence
after start up. It reveals the instability of laser power in the first thousands of pulses after the
operation starts. For the last 1000 pulses, as the laser fluence appears to be stabilised, the mean
value is measured at 215 mJ/cm² for a 4.38 mJ/cm² standard deviation and extremes of 197
mJ/cm² and 224.5 mJ/cm². The right graph in Figure 4.15 is a focus of the last 60 pulses to
illustrate more explicitly pulse to pulse variation that can occur during a typical UV-LaserQWI laser irradiation duration. In this case, the laser fluence oscillates between 206.7 mJ/cm²
and 224.5 mJ/cm².
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Figure 4.15 Left: Evolution of pulse laser fluence for the KrF laser; right: focus on the last 60 pulses measured

To evaluate the influence of laser fluence, two different samples, referenced as A and B, were
processed in the exact same way, laser doses and fluences. The simultaneous irradiation of two
samples was intended to confirm the results and to avoid any doubts that the results might be
due to accidently caused variations. During the experiment, the average laser fluence was set
successively at 157 mJ/cm², 175 mJ/cm², 205 mJ/cm² and 245 mJ/cm². For each laser fluence,
2 sites were irradiated with 5 and 50 pulses doses. After being annealed at 670°C for 2
minutes, both samples were characterized by PL mapping and showed very close blue shift
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results, plotted in Figure 4.16. For both 5 and 50 pulses, the blue shift displayed a decrease as
the laser fluence increased.
A linear fit of the blue shift for sites irradiated by 5 pulses reveals slopes of -0.16 and -0.12
nm/(mJ/cm²) for the two samples. The blue shift drops from 78.5 nm to 62 nm and 65.5 to
55.5 nm between 157 mJ/cm² and 245 mJ/cm². For the sites irradiated by 50 pulses, the slope
varies from -0.32 to -0.19 nm/(mJ/cm²) and the blue shift drops from 100.5 nm to 72 nm and
91.5nm to 72.5 nm. The aforementioned slope is an approximation has a strictly linear
variation is not clearly established for the blue shift as a function of laser fluence. Yet,
considering the data points presented in Figure 4.16, this is fairly accurate to describe the
order of magnitude of laser fluence caused blue shift variations. Compared to the annealing
temperature, the influence of laser fluence appears lesser by an order of magnitude.
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Figure 4.16 PL blue shift as a function of laser fluence for samples A and B for 5 and 50 pulses laser doses

The black curve in Figure 4.17 gives a more accurate portrait of the effect of laser energy role
on blue shift control. At 245 mJ/cm², the evolution of blue shift as a function of delivered
pulse number is a function of pulse number at this fluence. Two sites were irradiated at 157
mJ/cm² (at 15 and 60 pulses) for reference, they are displayed by the red dots. As measured at
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157 mJ/cm² fluence, two saturations regions are visible at 245 mJ/cm²: one from 3 to 10 pulses
and the other between 20 and 25 pulses. The saturation occurring at earlier stage may be due
to etching phenomena appearing faster at higher fluence. The two plateau blue shift values are
more than 15 nm lower than those obtained for 157 mJ/cm², as predicted by the results in
Figure 4.16. An exponential type fitting of the blue shift behaviour at 155 mJ/cm², extracted
from the data of Figure 4.2, was inserted in Figure 4.17 to provide an additional reference. It
can be seen that in addition to delivering changing pulse number, a fine tuning of the QW
bandgap can be achieved by adjusting the laser fluence. Thus, a material with large number of
different vbandgap values could be delivered with this technique.
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Figure 4.17 Blue shift as a function of pulse number for 157 mJ/cm² and 245 mJ/cm² (all data coming from a
single sample designated J792A)

4.2.4 Laser repetition rate influence
While UV-Laser-QWI as experimented in the experiments of this thesis is presenting a timeefficiency superior or equivalent to other post growth processes for multi-bandgap wafer
delivery, in the optics of a potential commercial application, the reduction of the irradiation
time and therefore of the total processing time can be extremely interesting. Up to now, most
of UV-QWI experiments were carried out using a 2 Hz repetition rate. This value was initially
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chosen due to purely technical imperatives linked to the experimental set up. Yet, as
simulation showed [Neng Liu, 2013], after being irradiated, the sample surface temperature
goes back to room temperature in approximately 10-6 seconds when processed with a KrF laser
at 124 mJ/cm². This suggests that no heat accumulation effect should be noticed at the
kilohertz range repetition rate certain excimer systems are able to deliver. Such repetition rate
values could be used for UV-Laser-QWI processing with similar results as the ones obtained
at 2 Hz. In this case, the irradiation duration lasts only a fraction of a second (0.6 second at
100 Hz) to reach the laser dose producing a maximum blue shift. To prove this
experimentally, tests on repetition rate influence were performed at the 155 mJ/cm² laser
fluence already employed for the reproducibility experiments detailed in section 4.1. In order
to avoid RTA caused perturbations, three relatively small size samples of approximately 6 mm
by 6 mm size were used. On each sample, 3 sites were irradiated at 2 Hz with 10, 15 and 60
pulses laser doses as reference to be compared with other irradiated with a different repetition
rate. 20, 50, 60, 80 and 100 Hz repetition rates were evaluated. As visible in Figure 4.18, the
blue shift obtained for each of the tested frequencies are the same as the 2 Hz reference ones,
no matter the frequency up to 100 Hz, hence confirming the initial hypothesis. Consequently,
the laser irradiation step duration can be reduced drastically, as for example the delivery time
of the laser dose necessary to reach the maximum blue shift at 155 mJ/cm² is 0.6 seconds
using a 100 Hz repetition rate.

Figure 4.18 PL map of the samples used for repetition rate influence on UV-Laser-QWI study. The reference 2
Hz sites are unframed on each sample, the other sites are framed with line of different color and style: dashed
black line: 20 Hz, solid black line: 50 Hz, dashed red line: 60 Hz, solid red line: 80 Hz, dash-dot black line: 100
Hz. The number of KrF laser pulses delivered at 155 mJ/cm² fluence in air is indicated on each site.

81

4.3 Same site blue-shift variations
For PIC fabrication, the homogeneity of in processed regions may be as important as sampleto-sample reproducibility. For this matter, the photoluminescence mapping characterization is
a very relevant technique. Thanks to it, the in-site PL blue shift variation range and cross
section profile were measured from the set of samples characterized for the site-to-site
reproducibility analysis presented in section 4.1. The two blue shift plateau regions defined
earlier are shown to be the most interesting for practical application as the in-site blue shift
homogeneity is optimal up to 15 pulses with a variation range inferior to +/- 3 nm compared to
the median value, and even lesser than +/- 2 nm between 4 and 15 pulses. A degradation is
noticeable over 15 pulses and reach a worst point for 30 pulses dose with a +/- 7.5 nm
variation from the median. The blue shift range then decreases as laser dose approach plateau
2 values. In this last case, between 50 and 70 pulses, the in-site blue shift remains within a +/5 nm range, before increasing again (Figure 4.19).
The analysis of in-site PL peak wavelength cross section helps understanding more precisely
the variations in Figure 4.19. Interestingly enough, the blue shift variation in the irradiated
sites is following a reproducible pattern, which indicates that it is not due to random defect
induced phenomena but to the laser/surface interaction. Until a 15 pulses laser dose, the in site
PL profile is extremely homogenous, as shown in Figure 4.20 where the dark blue profile
correspond to a PL peak wavelength cross section for a 5 pulses laser dose using a circular
mask. A very flat uniform blue shift profile is apparent. Over 15 pulse, a bowl like profile is
witnessed until plateau 2 region (visible for 20 pulses (red) and 35 pulses (pink) in Figure
4.20), with a maximal blue shift reached in the central region of the irradiated site. In the
plateau 2 region, a flatter PL blue shift profile appears again (cf. the green curve in Figure
4.20). Finally, as the delivered pulse exceed plateau 2 value, the general blue shift in the
irradiated sites decrease. The highest blue shift region is in this case located on the edge of the
processed region.

UV-Laser-QWI: process practicality

Average PL blue shift variation in a same site (+/- nm)
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Figure 4.19 Photoluminescence peak wavelength in site variation as a function of pulse number for samples
irradiated with a 155 mJ/cm² laser fluence and annealed at 670°C for 2 minutes

Therefore, when analyzing the evolution of blue shift in irradiated site, one can observe that
for laser dose exceeding those of plateau 1, the blue shift seems to vary faster in the center of
the irradiated region: it increases faster over 15 pulses, producing the blue shift bowl shape.
For plateau 2 region, due to the blue shift saturation, the gap between center and edge blue
shift is reduced. Passed the plateau 2 apex, the center region starts its blue shift decrease
before the edges. The reason for this behavior seems to be linked to previously reported results
that showed the formation of nanostructures on the InP surface irradiated with KrF laser at a
fluence close to the one employed here (142 mJ/cm²) [Neng Liu et al., 2012]. Nano-cones
were then observed after delivering several hundred laser pulses to sample surface. Said nanocones density and size was showed to be different between the edge and the center of the
irradiated site. This difference was suggested to be linked to either the intensity modulation of
the mask coherent image projected through an objective aperture, or to diffraction at mask
edges that could cause a temperature gradient at the edges of the irradiated sites. These effects
can be in a similar manner causing the blue shift variations in a same irradiated site. Yet, two
other non-optical mechanisms may also be non-exclusively responsible for these results: the
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difference of heat diffusion between the center and edge of the irradiated sites and the strain
induced modification of defect diffusion rate. For the first one, during the laser pulse
absorption and the resulting heating of sample surface region, the thermal dissipation is more
effective in the edges of the laser irradiated spots which results in a higher temperature in spot
central region and possibly a higher incorporation of oxygen interstitials in this same region.
Concerning the stress related effect, it has been showed that the stress induced by a laser
created oxide layer can affect the intermixing [J. Genest et al., 2007]. The created surface
oxide layer generates a stress on the structure top region during annealing due to their
difference of coefficient of thermal expansion between the heterostructure material and the
created oxide layer. In this case, In2O3 exhibits a larger coefficient of thermal expansion than
InP (10.1 × 10−6 K−1 compared to 4.1 × 10−6 K−1 [R. Singh, J. Shewchun, 1978]). The ensuing
strain modifies the diffusion of point defects [J.D. Eshelby, 1951; D.T. Britton, M. Härting,
2002]. Fick’s first law equation becomes:
𝐽⃗ = −𝐷∇𝐶 +

𝐷 4 3
𝛼 𝜋𝑟 𝐶∇𝑇𝑟(𝜎)
𝑘𝐵 3 0

(4.1)

Where D is the diffusion coefficient, C the defect concentration, kB the Boltzmann constant, σ
the normal stress tensor trace, r0 is the radius of the defect core and α is a mismatch parameter
characterizing the defect volume V compare to V0 characterizing the region surrounding the
defect:
𝑉 = 𝑉0 (1 + 𝛼)

(4.2)

α can here be positive for an interstitial or negative for a vacancy, which means their
diffusions will be affected differently by a same stress. In the equation 4.1, the point defect
diffusion is a function of their concentration distribution in the heterostructure as well as the
stress applied to the heterostructure. This effect is commonly used in IFVD, where different
dielectric cap are used depending on their coefficient of thermal expansion to enhance or
inhibit the blue shift (cf. section 2.3.2).
Variations of the oxide composition or thickness across the irradiated site may therefore cause
variations in the strain under the laser processed region. This would affect the diffusion of
point defects contributing to the intermixing [A. François, V. Aimez, J. Beauvais, D. Barba,
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2006]. While the effects of the KrF laser irradiation of an InP surface [Neng Liu, J.J.
Dubowski, 2013] have been documented, additional characterizations of the surface
stoichiometry variations in a same irradiated site would be required for a better understanding
of the causes the blue shift variations in the same irradiated site.

Figure 4.20 Evolution of PL blue shift profile for a circular irradiated site

4.4 Summary
The reproducibility of UV-Laser-QWI in air environment was quantified and the importance
of the laser and RTA parameters variations on process reproducibility were identified. .A
reproducible two plateaus evolution of the PL blue shift was experimentally established for
laser processing under laser fluences ranging from 155 mJ/cm² to 245 mJ/cm². At 155 mJ/cm²,
within the laser dose ranges of the two plateaus (from 4 to 15 and 50 to 70 pulses), the
heterostructure submitted to UV-Laser-QWI saw its PL peak wavelength blue shifted on
average by 70.6 nm for the first plateau and 101.5 nm for the second one. From sample to
sample, these blue shift values were delivered within a ± 15% range. Within a same sample,
the lesser RTA temperature variations allowed the site to site blue shift variations to be
reduced to ± 8%. Indeed, the annealing temperature proved to be the most critical parameter
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regarding to blue shift control, with a 1.8 nm blue shift variation per degree Celsius in the
irradiated regions. The reason for this extreme sensitivity to annealing temperature remains to
be fully comprehended. The low activation energy of the laser created defects is probably in
cause, with possibly the formation of fast diffusing oxygen species [V. Voronkov, R. Falster,
2015]. The study of the exact nature of intermixing involved defects as well as the intermixing
induced well compositional changes could bring a better understanding on those results. The
fine thickness of the QWs (5 nm) is also a contributing factor to the temperature sensitivity of
the process. The influence of laser repetition rate and fluence were measured to be null within
laser operating range and very limited respectively. Finally, the processed sites blue shift
homogeneity was also characterized and it showed to be depending on the number of laser
pulse delivered. At this same fluency of 155mJ/cm², an optimal blue shift homogeneity was
obtain for laser doses inferior to 15 pulses or within plateau 2 range. Therefore, upon
condition that annealing temperature is carefully controlled, the UV-Laser-QWI process
ability to deliver bandgap tuned InP QW heterostructure laser heterostructure in a reproducible
manner was firmly established, and the influence of each experimental aspects evaluated.

CHAPTER 5

Enhanced

spectrum

superluminescent diode prototyping by UV QWI
5.1 Introduction
The UV-Laser-QWI process ability to reproducibly deliver bandgap tuned material having
been quantified, its validity for optoelectronics devices fabrication has yet to be demonstrated.
While laser diodes have already been fabricated from UV-Laser-QWI processed material [M.
Kaleem, X. Zhang, Y. Yang, et al., 2013], the proof has to be made of its ability to deliver
more complex multi-bandgap structures satisfying a particular demand. The enhancement of
the spectral width of superluminescent diodes here appears as a pertinent application. As
explained in chapter 2.3, the modification of the QWs bandgap energy over the waveguiding
direction of SLD allows doing so by creating several regions emitting at different wavelength
that will contribute to the output spectrum. Lateral modification of the bandgap has also been
reported for the fabrication of broadband source [P.J. Poole et al., 1996], however this
configuration require a relatively large width of the active region (several tenth of micrometer)
given the limitation of QWI spatial resolution. This is incompatible with the fabrication of
mono-mode waveguide design that may be desired for some applications. However, the
creation of a multi bandgap structure requires taking into consideration the light / matter
interactions occurring as the optical wave travels along the waveguide. Indeed the output
spectrum of an intermixed SLD cannot be reduced to the sum of the signals from each
individual bandgap region. In this chapter, the UV-Laser-QWI versatility was taken advantage
of to test several bandgap profiles for the prototyping of high intensity broad spectrum
devices. After an analysis of bandgap tuned SLD theory is presented in section 5.2, the
analysis of the results obtained from of a first series of intermixed devices will be found in
section 5.3 and finally an article submitted for publication to Optics & Laser Technology
under the title “UV laser quantum well intermixing based prototyping of bandgap tuned
heterostructures for the fabrication of superluminescent diodes
follows in section 5.4. It presents the final devices, whose bandgap structures were fabricated
according to the analysis of the previous section results.

5.2 Theoretical consideration
87
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5.2.1Output spectrum
As exemplified in Figure 5.1, the spectrum and intensity of the individual contributions from
the different bandgap regions will be modified while traveling through the waveguide, as they
will be altered by the absorption or amplification of parts of their spectra. Superluminescent
diodes behaviour can be described by different approaches, based on 1-D rate equations
solving [J. Park et al., 2006; N. Matuschek, M. Duelk, 2013] or more complex 3-D model [M.
Loeser, B. Witzigmann, 2008; Z.Q. Li, Z.M.S. Li, 2010]. The purpose of this thesis however is
not the development of an extensive SLD model, but to understand SLD mechanisms and
especially the ones implied for intermixed SLDs.

Figure 5.1 a) Schematic example of a multi bandgap broadband superluminescent diode; b) Output spectrum for
the equal combination of three bandgap region (not taking into consideration the absorption and gain occurring
through the waveguiding direction); c) actual output spectral shape that would result from such device

Some simplifications are assumed to focus on the QWI induced changes on device spectral
performances. I have considered a one dimension approach, as the physical parameters will
written as a function of the z position along the waveguiding direction, therefore ignoring the
spatial distribution of carrier density across the waveguide and such effect as spatial hole
burning. The traveling wave rate equation, describing the evolution of photon density along
the forward propagation direction z can be written [N. Matuschek, M. Duelk, 2013]:
𝜕𝑆 ±
= ±(𝛤𝑔 − 𝛼)𝑆 ± ± 𝛽𝑠𝑝 𝑅𝑠𝑝
𝜕𝑧

(5.1)
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Where Γ is the confinement factor, g the material gain coefficient, α the absorption, Rsp is the
spontaneous emission rate (which is related to the material gain) and βsp is the spontaneous
emission coupling factor. For a single section of the SLD and considering a single pass
amplification (no reflections at the cavity ends) we can assume the limit condition S+(z=0) = 0.
Then this first order differential equation can easily be solved in the case of the SLD of Figure
5.1, the forward traveling photon density at the end of the rear section 1 (z = L1) of the SLD
can be written as:
𝑆1+ (𝐿1 ) =

𝛽𝑠𝑝 𝑅𝑠𝑝1 (𝛤𝑔 −𝛼 )𝐿
𝛽𝑠𝑝 𝑅𝑠𝑝1
𝑒 1 1 1−
𝛤𝑔1 − 𝛼1
𝛤𝑔1 − 𝛼1

(5.2)

To calculate the section contribution to the final output spectrum S+Out1, we have to take into
account the modifications induced by the sections 2 and 3 gain and absorption. S+1 then
becomes [M.T. Crowley et al., 2012]:
𝛽𝑠𝑝 𝑅𝑠𝑝1 (𝛤𝑔 −𝛼 )𝐿
𝛽𝑠𝑝 𝑅𝑠𝑝1
+
𝑆𝑂𝑢𝑡1
=(
𝑒 1 1 1−
) 𝑒 (𝛤𝑔2 −𝛼2 )𝐿2 𝑒 (𝛤𝑔3 −𝛼3 )𝐿3
𝛤𝑔1 − 𝛼1
𝛤𝑔1 − 𝛼1

(5.3)

In a similar manner, the contribution to the output spectrum from sections 2 and 3 can be
written as:
𝛽𝑠𝑝 𝑅𝑠𝑝2 (𝛤𝑔 −𝛼 )𝐿
𝛽𝑠𝑝 𝑅𝑠𝑝2
+
𝑆𝑂𝑢𝑡2
=(
𝑒 2 2 2−
) 𝑒 (𝛤𝑔3 −𝛼3 )𝐿3
𝛤𝑔2 − 𝛼2
𝛤𝑔2 − 𝛼2
+
𝑆𝑂𝑢𝑡3
=

𝛽𝑠𝑝 𝑅𝑠𝑝3 (𝛤𝑔 −𝛼 )𝐿
𝛽𝑠𝑝 𝑅𝑠𝑝3
𝑒 3 3 3−
𝛤𝑔3 − 𝛼3
𝛤𝑔3 − 𝛼3

(5.4)
(5.5)

The SLD intensity spectrum can then be calculated by adding the 3 components in equations
(5.3), (5.4) and (5.5). For an n sections SLD, designated from 1 the rear section to n the front
one, this expression can be generalized as:

(5.6)
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In the previous equations, the gains, absorptions and spontaneous emission rates are dependent
of the position z, the wavelength λ, but also the carrier density in the structure. Its value can be
obtained by solving the following rate equation:
𝑑𝑁 𝜂𝑖 𝐽 𝑁
=
− − 𝜐𝑔𝑟 ∫ 𝛤𝑔. [𝑆 + + 𝑆 − ]𝑑𝐸
𝑑𝑡
𝑒𝑑 𝜏𝑛

(5.7)

Since the SLD are usually operated in CW, this equation in steady state becomes:
𝜂𝑖 𝐽 𝑁
= + 𝜐𝑔𝑟 ∫ 𝛤𝑔. [𝑆 + + 𝑆 − ]𝑑𝐸
𝑒𝑑 𝜏𝑛

(5.8)

Where N is the carrier density, J the injected current density, d the active region length, e the
electronic charge, ηi the internal efficiency, S± the cavity photon density (+ and – are
indicating for frontward and backward traveling signal respectively), τn the total carrier
lifetime, υgr the group velocity, Г the optical confinement factor and g the material gain. A
closer look at this equation gives a general view of the mechanisms implied: the variations of
carrier density are function of the current density injected into the device, the different
recombination mechanism rate and of the photon density traveling through the cavity
(amplified spontaneous emission). τn can be written as:
1
= 𝐴 + 𝐵𝑁 + 𝐶𝑁 2
𝜏𝑛

(5.9)

Where A, B, and C are the Shockley-Read-Hall, radiative and Auger recombination
coefficients respectively.

5.2.2Analysis for multi-bandgap SLD conception
From the previous equations, we can make several qualitative observations for the conception
of SLD. If we consider the case of a 2-bandgap energy section SLD, the equation (5.6)
becomes:
𝑆𝑇𝑜𝑡 =

𝛽𝑠𝑝 𝑅𝑠𝑝2 (𝛤𝑔 −𝛼 )𝐿
𝑒 2 2 2
𝛤𝑔2 − 𝛼2
−

𝛽𝑠𝑝 𝑅𝑠𝑝2
𝛽𝑠𝑝 𝑅𝑠𝑝1 (𝛤𝑔 −𝛼 )𝐿
+(
𝑒 1 1 1
𝛤𝑔2 − 𝛼2
𝛤𝑔1 − 𝛼1

−

𝛽𝑠𝑝 𝑅𝑠𝑝1
) . 𝑒 (𝛤𝑔2 −𝛼2 )𝐿2
𝛤𝑔1 − 𝛼1

(5.10)

The rear and front section are designated as 1 and 2 respectively. To obtain the largest output
spectrum, a large gain peak wavelength difference between section 1 and 2 is required. Yet, as
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exemplified in Figure 5.2, if this blue shift is important, the lack of overlap between the front
signal and rear section signal will result in an intensity drop in the total output spectrum, with
the emission of both sections being clearly distinct. Two solutions can be investigated:
limiting the bandgap energy difference between the two regions, or adding a third one in
between the two, with an emission spectrum overlapping both the ones of section. Both type
of structure are tested in the next section.
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Figure 5.2 Illustration of a large difference between the rear emitting section and the front section gain peak
wavelength

Concerning the length of the different regions, the photon density spectra at the output of each
section are proportional, minus a term, to e(Γg-α)L. Assuming a similar peak gain in the different
sections, which is corroborated by the close laser threshold values measured on laser diodes
presented in chapter III, as the injected current and therefore the gains are increased, the
emitted power from the longer sections will increase at a higher rate. If we consider the 2
bandgap energy sections case mentioned previously, the rear section has to be longer than the
front ones to compensate the absorption of the low energy part of its spectrum while traveling
through the front region and produce an equal contribution to the output spectrum. However if
the length difference is important, its signal will become prominent in the output spectrum at
low current values, hence resulting a limited power for the maximum spectral width value.

5.3 SLD prototyping: preliminary devices
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This section presents the results of the first devices fabricated by UV-Laser-QWI, whose
performance analysis allowed adjusting the bandgap profile to be delivered in order to obtain
SLDs with optimized spectral characteristics presented in section 5.4

5.3.1 Two bandgap energy devices
The first devices were fabricated from a two bandgap structure, i.e. from material with an
irradiated and a non-irradiated region. The irradiated region was processed with a 25 pulses
laser dose at a 150 mJ/cm² fluence. The sample was then annealed at 685°C for 2 minutes.
This unintentionally high temperature, consequence of problems with the rapid thermal
process, generated a large blue shift in the irradiated as well as in the non-irradiated region (50
nm and 155 nm respectively). A PL cross section of the region used for SLD fabrication is
visible in Figure 5.3. The broad area injection SLDs were fabricated using the same process
detailed later in section 5.4.3. The injection region was made 30 µm wide. To prevent the
reflections at the cavity ends, the waveguiding current injection region was tilted by 7.5°
compare to facet normal. The cleave position on the sample determined the length of the
device. For practical reason, the devices’ length was set to 1.5 mm and the sections lengths
were set to 0.5 mm for the most blue shifted region and 1 mm for the less shifted one.
The devices were then tested under pulse current condition using a Keithley 2520 as current
source and the spectrum was measured by an optical spectrum analyzer Agilent 86140B. The
test under pulsed current condition is meant to limit the temperature increase of the diodes
which are not packaged with any thermal dissipation system. The pulse width was set to 1 µs
for a 10 ms delay. During the device test, its emitted spectrum appeared to be highly
dependent on the current value. The largest FWHM was obtained for a current of 1.2 A and
measured to be 132 nm, a large improvement compared to similar devices made from as
grown material, which shown a 42 nm FWHM for a same injected current. At current values
lower than 1.2 A, the front section peak dominates the spectrum, and over this value, the rear
section peak intensity increases faster (Figure 5.4, right). However, the two sections’ emission
spectra being distant from one another, two peaks were clearly discriminated. The first was
centered at 1410 nm the second at 1492 nm (Figure 5.4). The intensity drop in the middle of
the spectrum is approximately of 60 %, below the -3dB bandwidth. Hence the spectral shape,
while broad, was far from a flat top shape and closer to two distinct signals.
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This makes it clear that 2- bandgap sections devices cannot provide a very broad emission
with a flattop shaped spectrum with such a large bandgap energy difference between the two
bandgap regions. Two options are to be considered to improve the spectral shape: limiting the
bandgap energy difference between the two regions or introducing a third intermixed region
between the front and the rear one, as explained in section 5.2. In the next section, the second
option is experimented.
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Figure 5.3 PL peak wavelength profile of the two bandgap energies device obtained by UV-Laser-QWI
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Figure 5.4 Left: Maximum width Emitted spectrum of the 1.5 mm long SLD made from the material described in
Figure 5.3; Right: Evolution of the emitted spectrum of the SLD for different injected current values

5.3.2 Three bandgap energy devices
The intermixing was here again produced by using the KrF laser system, this time using a 500
µm large slit as a mask on the laser beam path. With the demagnification factor of the beam
delivery system, the laser beam width at sample surface was reduced to 315 µm. A single spot
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was irradiated with a 15 pulses laser dose while the adjacent region was irradiated with several
side to side 60 pulses laser dose spots. After annealing at 665°C for 2 minutes, the intermixing
profile of the sample present a clear 300 µm large step, with a PL peak wavelength 48 nm
lesser than the non-irradiated rear region (cf. Figure 5.5). The PL peak wavelength difference
between the front and rear sections is here exceeding 90 nm. The SLD were fabricated
following the same process as previously and were made 2.5 mm long in order to obtain a
larger output power than the previous devices. The output spectrum proved to be dependent of
the injected current as expected. The maximum spectral width was obtained at 1.3 A current
for an output power close to 0.6 mW. The 113 nm large spectrum in Figure 5.6 shows no
intensity drop as important as the previous devices, proving the efficiency of the 3-bandgap
structure. Yet two comments can be made on the output spectrum, first an intensity decrease is
still noticeable between high and low energy peak, up to 30 % (Figure 5.6). Then, several
lasing mode are appearing near the low energy peak, suggesting that the reflection suppression
is not totally efficient. To improve further the spectral shape, two changes were made for the
3-bandgap device presented in the next section. A non-intermixed unpumped absorption
region was added at the rear of the device and the middle bandgap section length was
increased further. Another 2-bandgap energy section device was also tested, with a lesser blue
shift difference between the two sections.

48 nm

44 nm
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Figure 5.5 PL peak wavelength profile of the 3-bandgap energies structure obtained by UV-Laser-QWI
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Figure 5.6 Maximum width output spectrum of the SLD made from the 3 bandgap energies structure presented in
Figure 5.5

5.4 UV laser quantum well intermixing based prototyping of bandgap
tuned heterostructures for the fabrication of superluminescent
diodes
Romain Beal, Khalid Moumanis, Vincent Aimez and Jan J. Dubowski
Interdisciplinary Institute for Technological Innovation (3IT)
Department of Electrical and Computer Engineering
Université de Sherbrooke, 3000 boul. de l’Université
Sherbrooke, Québec J1K 0A3, Canada

5.4.1Abstract
The UV laser induced quantum well intermixing process has been investigated for prototyping
of multiple bandgap quantum well (QW) wafers designed for the fabrication of
superluminescent diodes (SLD). The process takes advantage of a KrF excimer laser (λ = 248
nm) that by irradiating an InP layer capping GaInAs/GaInAsP QW heterostructure leads to the
modification of its surface chemical composition and formation of point defects. A subsequent
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rapid thermal annealing step results in the selective area intermixing of the investigated
heterostructures achieving a high quality bandgap tuned material for the fabrication of broad
spectrum SLD. The devices made from a 3-bandgap material are characterized by ~100 nm
wide emission spectra with relatively flat profiles and emission exceeding 1 mW.

5.4.2Introduction
Superluminescent diodes (SLD) are broadband light sources employed in a variety of fiber
based optical sensors [M.G. Vasilyev et al., 1999], as well as for photonic testing system [Y.
Liu, 2000] and optical coherent tomography [L. Carrion et al., 2007]. Typically, SLD are
made of epitaxially grown heterostructures comprising quantum wells (QW) or quantum dots
(QD) designed for waveguiding optical signal, and with suppressed reflections at cavity ends
for preventing the appearance of Fabry-Perot modes (unlike the cavity reflections in laser
diode devices). The goal of an SLD device is to emit a bright signal with a large spectral
width. The most common approach addressing this problem takes advantage of
heterostructures with broad gain spectra achieved with multiple width QW architectures [C.-F.
Lin, B.-L. Lee, 1997], large size distribution QD microstructures [S. Haffouz et al., 2012] or a
combination of both QW and QD microstructures [S. Chen et al., 2013]. A relative advantage
of QD over QW microstructures results from the significantly increased emission bandwidth
of QD devices operating above a characteristic current density, where the emission from both
excited and ground states becomes comparable and, thus, results in an enlarged output
spectrum [M. Z. M. Khan et al., 2015]. Alternative SLD architectures employ multiple
structures emitting at different wavelengths and stacked along the waveguiding direction. Such
architectures could be fabricated by the epitaxial growth techniques, but are less attractive due
to a relatively complicated fabrication process [Y. Kashima, T. Munakata, 1998; Nobuhiko
Ozaki et al., 2013]. Post growth intermixing has also been investigated to increase spectral
emission range of QW and QD wafers using impurity-induced intermixing [T.-K. Ong et al.,
2004], impurity-free vacancy diffusion intermixing [C.D. Xu et al., 2004; K.J. Zhou et al.,
2012] or infrared laser induced quantum well intermixing, QWI [R. Beal et al., 2013].
Amongst the post growth bandgap tuning techniques, UV laser induced QWI (UV-LaserQWI) distinguishes itself as an attractive method of mask-free selective area processing with a
significantly reduced risk of introducing extensive damage to the surface or sub-surface region
of investigated microstructures. The irradiation of SiO2 coated InP/InGaAs/InGaAsP QW
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microstructures, or direct irradiation in air and deionized water allows inducing significant
bandgap blue shifts [Jonathan Genest et al., 2008]. The experiments have revealed that laser
irradiation in air leads to the formation of the InPxOy compound on the surface of a cap InP
material, while irradiation in water leads to only a partially decomposed InP cap whose
stoichiometry is restored following the rapid thermal annealing (RTA) step [Neng Liu, J.J.
Dubowski, 2013; Neng Liu et al., 2013]. Consistent with these observations are relatively
large bandgap blue shifts (~130 nm) found in microstructures processed in air with the
excimer UV-Laser-QWI technique [Neng Liu, J.J. Dubowski, 2013; M. Kaleem, X. Zhang, Y.
Zhuang, et al., 2013]. An example of the successful application of such an approach for device
fabrication are high-intensity InGaAsP/InP laser diodes [M. Kaleem, X. Zhang, Y. Yang, et
al., 2013]. Recently, we have demonstrated that the UV-Laser-QWI process has the potential
to deliver multi-bandgap material with blue shifted amplitudes controlled to better than ± 8 %
[R. Beal et al., 2015], which may be attractive in exploring this technology for fabrication of
commercial devices.
Here, we report on the successful use of the UV-Laser-QWI technique for fabrication of multibandgap wafers designed for the fabrication of broad spectrum SLDs. A comparative analysis
of the performance of SLD fabricated from the as-grown (unprocessed) material has revealed
the attractive feature of the employed intermixing technique in achieving high-quality devices.

5.4.3 Experimental details
(1) UV-Laser-QWI
The experiments were carried out using a 5-QW InGaAs/InGaAsP/InP laser heterostructure
designed to emit at 1.55 µm at room temperature. Figure 5.7 shows a cross-section of the
heterostructure capped with an undoped sacrificial layer of InP. The sacrificial layer is meant
to be altered by the UV laser irradiation and removed at the end of the intermixing process by
wet etching, leaving an undamaged wafer suitable for device fabrication. Two samples of the
aforementioned heterostructure, referred to as A and B, were processed using a KrF excimer
laser (Lumonics PM-848) based workstation equipped with a laser beam homogenization
optics [K. Mann, 2005]. The samples were irradiated in an air environment with a 155 mJ/cm²
pulse fluence of the laser operating at 2 Hz repetition rate. This resulted in changing the
surface chemistry of the InP cap and creating an oxygen rich surface layer [Neng Liu, J.J.
Dubowski, 2013]. A bench top JIPELEC Jetfirst thermal processor was used to carry out rapid
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thermal annealing (RTA) of the laser irradiated material. The samples were placed on a 4”
diameter silicon wafer whose temperature was monitored with a dedicated thermocouple. The
annealing was performed in a forming gas environment of a 9:1 mixture of nitrogen and
hydrogen. During the RTA step, the laser-induced point defects diffuse across the
heterostructure and promote selective area intermixing of the QW and barrier species, which
results in blue shifting of the sample bandgap energy. The blue shifting amplitude depends on
the laser irradiation dose and RTA parameters [R. Beal et al., 2015]. A part of the sample A
was irradiated with 60 pulses, while the remaining region of that sample was left unirradiated.
In contrast, two regions of the sample B were irradiated with 15 and 60 pulses intended for the
fabrication of a 3-bandgap material. The width of each irradiated region was defined at 625
µm using a step-and-repeat mask projection technique. Sample A was RTA for 2 minutes at
665°C, while sample B was initially RTA for 2 minutes at 660°C and, to increase the final
intermixing amplitude, it was additionally RTA at 655°C for 2 minutes.
The samples were characterized by collecting room temperature photoluminescence (PL)
maps using a Philips PLM-150 system. Figure 5.8 shows cross-section profiles of QW PL
peak emission (λPL) measured across samples A (a) and B (b). It can be seen that sample A
emits in the non-irradiated region at 1512 nm, while its emission has been blue shifted by 74
nm to 1438 nm, in the laser processed region. The non-irradiated region of sample B emits at
1516 nm, its middle section emits at 1466 nm, while the most blue-shifted region, intended for
the front section of an SLD device, emits 1428 nm. Thus, the maximum bandgap blue shift in
both samples is almost identical, but as it will be illustrated in the next section, the presence of
an additional blue-shifted section in sample B allows fabricating an SLD with a significantly
stretched profile near its maximum emission intensity. It is of particular importance for the
operation of devices fabricated from such a wafer that its PL peak intensity has not been
affected by the intermixing process, and remained comparable in both irradiated and nonirradiated regions of the investigated samples. This result suggests that the QW heterostructure
did not sustain a significant damage during the UV-Laser-QWI process, which is consistent
with previously reported results [M. Kaleem, X. Zhang, Y. Yang, et al., 2013].
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Figure 5.7 Details of the 5-QW laser InGaAs/InGaAsP/InP heterostructure processed with the UV-Laser-QWI
technique and fabrication of SLD devices

Figure 5.8 PL peak wavelength profiles generated with the UV-Laser-QWI process across sample A (a) and B (b)

(2) Devices fabrication and test conditions
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After PL characterisation, broad area injection SLD were fabricated from samples A and B,
and a reference device was fabricated from as-grown material. Following the etching of InP
sacrificial layer with an HCl:H2O/1:1 solution, samples were coated with a 200-nm-thick layer
of silicon dioxide deposited with a PECVD technique. The current injection regions were
opened in the dielectric by photo-lithography and wet etching using a buffered oxide etchant
solution of NH4F:HF/6:1. The injection regions were 30 µm wide, and tilted from the facet
normal by 8º to prevent reflections in the cavity. Afterward, the top metal contact was
deposited by evaporating a 70 nm thick layer of titanium and a 170 nm thick layer of gold.
Mechanical thinning and polishing reduced the sample thickness down to 125 µm, and finally
the back electrical contact was deposited by evaporating 14 nm of gold, 14 nm of germanium,
14 nm of gold, 11 nm of nickel and 200 nm of gold. A 1 minute 400°C annealing in nitrogen
ensured the quality of the electrical contacts and completed the device fabrication process.
The devices were cleaved from the samples according to the blue shifted region positions and
the desired device length. The sample A SLDs were cleaved to obtain 2.5 mm long devices
with a 1.7 mm long rear non-irradiated region (λPL: 1512 nm) and a 0.8 mm long strongly
intermixed front region (λPL: 1438 nm). For sample B, the active section was made 3 mm long.
The lengths of the different bandgap energy sections were 700 µm for the front one (λPL: 1428
nm), 600 µm for the middle one (λPL: 1466 nm), and 1700 µm for the rear section (λPL: 1516
nm). The shorter total length of the sample A devices was meant to limit gain narrowing and
therefore the intensity drop between the signal contributions of the two bandgap regions. The
sample B SLDs included an additional 600 µm long non-pumped non-intermixed absorption
region. This was designed to limit reflections in the cavity of the 3 mm long active region
device. An extended length waveguide microstructure of the SLD device is expected to deliver
a larger total gain and therefore increased output power, but it is consequently more sensitive
to parasitic reflections resulting in the apparition of lasing modes in the output spectrum.
After fabrication, the diodes were tested under pulsed current condition using a Keithley 2520
laser diode test set up. The pulse width was limited to 2.5 µs with a 1 ms delay between each
pulse. This duty cycle was chosen to prevent Joule heating that would have altered devices
performances at high-injected current value, while remaining in the current generator and
photodetector operational limitations for pulse duration. A Newport 1830C photodiode was
used to measure the light – intensity characteristics of SLD devices. The SLD signal was

101
coupled into a multimode 62.5 µm diameter core fiber, allowing collecting spectra with an
Optical Spectrum Analyzer (OSA) Agilent 86140B.

5.4.4 Results and discussion
(1) Sample A devices
The analysis of SLD devices revealed, as expected, a strong dependence of their output spectra
on the injected current. The broadest spectrum of an SLD device made from sample A is
shown in Figure 5.9. Its full width at half maximum (FWHM) of 124 nm has been achieved
with the injection current of 1.3 A. Two clearly distinguished peaks, centered near 1450 nm
and 1520 nm, can be observed in that case. The peaks are separated by an approximately 70nm wide region of a reduced by up to 40 % emission intensity. It is clear that the overlapping
of the emission spectra of the 2-bandgap material of sample A was insufficient to achieve a
broad range emission spectrum with a flat top profile. For current values below 1.3 A, the
1450 nm peak dominated the entire spectrum, while for greater currents, it was the 1520 nm
peak emission that contributed the most to the spectrum. Also, the lasing modes visible near
the 1520 nm peak indicate a limited efficiency of the device in suppressing lateral modes
within the cavity.
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Figure 5.9 Broadband emission spectrum of an SLD device fabricated from sample A
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The power emitted by this device at the injection current of 1.3 A was of 0.65 mW, which is
comparable to the power emitted by the reference device.

(2) Sample B devices
Figure 5.10 shows current dependent emission spectra of an SLD device fabricated from the
sample B material. It can be seen that at 1.5 and 1.6 A, the spectra are dominated by emission
centered at 1465 nm that originates from the QWI material. In contrast, the spectra generated
with currents of 1.8 and 1.9 A are dominated by emission centered at 1510 nm that originates
from the non-intermixed material. The optimum shape spectrum, centered around 1480 nm,
has been observed for a driving current of 1.7 A. Variations of SLD spectra as a function of
current have commonly been observed for broad spectrum source based on QD [I. Han et al.,
2004] or asymmetric QW SLD [J. Wang et al., 2008] microstructures, for which the
heterostructure gain spectra are strongly related to carrier density. In our case, for both
samples A and B the SLD device spectral dependence on the injected current can be
predominantly attributed to the competition between the signals from the rear and front
sections. For low current densities, the low-energy photons from the rear section of the device
are also attenuated while travelling through the intermixed front region. Therefore the
contribution to the output signal comes mostly from the front intermixed section. As the
current increased, the signal intensity from the longer rear region increased faster than the
signal from the front section and became prominent for current exceeding an equilibrium
value of 1.3 A for sample A SLDs and 1.7 A for sample B SLDs.
In Figure 5.11, we compare the sample B SLD spectrum at 1.7 A with the spectrum of a
device fabricated from a non-intermixed material at equivalent output power of 1.1 mW. It can
be seen that the architecture of an SLD device based on a 3-band gap material allowed
increasing the width of an emitted spectrum by 2.5 times (FWHM ≈ 100 nm) in comparison to
the spectrum emitted by a device fabricated from a non-intermixed material (FWHM ≈ 40
nm). The insertion of a middle section, blue shifted by 50 nm in comparison to the rear section
emission, resulted in the disappearance of the aforementioned intensity drop in the middle of
the SLD emission spectrum. However, the FWHM of the spectrum emitted by this device is
25 nm narrower in comparison to that of the device made from the sample A material. Several
phenomena may be responsible for this behaviour. Firstly, the increased device length from
2.5 mm to 3 mm is expected to result in a slightly increased gain of this device, which could
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lead to gain narrowing of the emitted spectrum [M. Loeser et al., 2006]. Secondly, a shorter
wavelength portion of the signal emitted from the rear section is likely amplified preferentially
while traveling through the middle section, hence resulting in its narrowing. This can be
explained by considering the steady state traveling wave rate equation describing the photon
density variation in the forward direction z of the cavity [M. Loeser, B. Witzigmann, 2008; N.
Matuschek, M. Duelk, 2013]:
∂S(λ,z)/∂z = (g(λ,z)-α(λ,z)).S(λ,z) + βSP.RSP(λ,z),
where S denotes the photon density, g the modal gain, α the internal loss, βSP the spontaneous
emission coupling coefficient, and RSP(λ,z) the spontaneous emission rate. The first term on
the right hand side shows that the signal variation along z is linked to the gain value at the z
position. Since the gain spectrum varies along the waveguiding direction in the intermixed
material [H. Li, 2000], the rear section spectrum is expected to be altered by the blue shifted
heterostructure in front of it. In the sample A device, the front section is blue shifted by 74 nm
with respect to the rear section, thus the overlapping of its gain spectrum with the signal from
the rear section is relatively weaker than the overlapping in the sample B device. Nevertheless,
the results for both samples discussed in this report can be favourably compared to those
obtained for a device with a bandgap energy gradient profile [R. Beal et al., 2013] where the
gradually changing gain spectrum included also a signal originating from a significantly blue
shifted front part of the device.
The light-current plots of the devices discussed in Figure 5.11 are shown in Fig. 5.12 They
indicate that at currents of up to approximately 1.5 A the output power of these devices is
practically identical, and equal to 0.5 mW. For currents greater than 1.5 A, the power of the
intermixed SLD increases slower with the current than that of the reference device. This result
is quite anticipated given that the reference device was made of a single bandgap energy
material having the same gain spectrum along the waveguide where light amplification is
expected to be more efficient.
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Figure 5.10 Evolution of emission spectra in an SLD device fabricated in sample B for injected currents ranging
from 1.5 to 1.9 A
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Figure 5.11 Emission spectra from SLD devices fabricated in sample B (Intermixed SLD) and in as-grown nonirradiated non-annealed material (Reference SLD). The output power emitted in both cases is 1.1 mW
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These results demonstrate attractive features of the UV-Laser-QWI technique employed for
convenient fabrication of multibandgap material from a single bandgap QW wafers. The
process control and the ability to yield a low-defect material made it possible to fabricate SLD
devices of relatively high emission power from a 3-bandgap material. It seems feasible that
optimization of this approach, including advanced device modeling should lead to the
fabrication of further advanced SLD and related multi-bandgap devices.
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Figure 5.12 Light – Intensity characteristics of SLD devices fabricated from the intermixed (Intermixed SLD) and
as-grown (Reference SLD) material of sample B

5.4.5 Conclusion
We have investigated the UV-Laser-QWI technique for post-processing of GaInAs/GaInAsP
QW wafers and fabrication of broad-spectrum SLD devices. The ability to produce different
multi-bandgap material by adjusting the laser dose delivered to the wafer was employed for
direct (without a photolithographic step) prototyping of two different wafer heterostructures.
The light-current (LI) characteristics of the intermixed SLDs devices was found to be
relatively close to this of the reference (fabricated from the non-intermixed material) devices,
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confirming that the UV-Laser-QWI process does not degrade significantly the optical
characteristics of the as-grown heterostructures. The superluminescent devices, produced from
a 2-bandgap and a 3-bandgap material, yielded broadband emission of FWHM equal to ~125
nm and ~100 nm, respectively. The related output power of these devices was 0.65 mW and
1.1 mW, respectively, although non-optimized emission exceeding 2 mW was easily
achievable with sample B made devices. The fabrication of a 3-bandgap material discussed in
this report illustrates an attractive application of the UV-Laser-QWI technique for prototyping
of QW wafers usefull for the fabrication of SLDs devices with enhanced parameters. It seems
feasible that further optimization of this approach, including advanced device modeling should
lead to the fabrication of SLDs and other multi-bandgap devices at attractive cost for
applications in photonic sensing and wide range diagnostics.
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5.5 Electrical characteristics
The figure 5.13 compares the current – voltage characteristics of intermixed and as grow
material made SLDs described and tested in the previous section. They are very similar for
low injected current, with a turn on voltage of 0.7664 V for the intermixed SLD and 0.76 V
for the reference one. This increase can be attributed to the bandgap increase of the quantum
well. The intermixed device shows a larger voltage for a same current, especially over 1.0A,
suggesting a degradation of the efficiency of the intermixed device. This increase of the
injected electrical power combined to the lesser optical power of the device indicates a lesser
external efficiency. However, the fact of using a varying bandgap in the waveguide direction
is one of the primary sources of this decrease, since it decreases the amplified spontaneous
emission efficiency of the SLD. Another cause for this deterioration can be the lesser carrier
confinement in intermixed quantum well. Despite this, the performances stay in a very similar
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range of value compare to the reference devices, this for a considerable increase of the
FWHM.
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Figure 5.13 Current –Voltage characteristics of SLD devices fabricated from the intermixed (Intermixed SLD)
and as-grown (Reference SLD) material of sample B

5.6 Summary
Thanks to UV-Laser-QWI, we were able to deliver time-efficiently multiple bandgap
structures that were then tested for the fabrication of broadband SLD. The process proved to
be able to deliver little-to-non altered material which resulted in good power performance of
our devices compared to the reference ones made for as grown material. After a first series of
device, the bandgap tuned structure was adjusted according to the observed results in order to
optimize the spectral performances: a 3 mm long 3 bandgap regions long device delivered a
100 nm relatively flat top spectrum at 1.1 mW, compared to the 38 nm exhibited by the
reference device at the same power. A 2 bandgap energies 2.5 mm long displayed SLD a
larger 124 nm spectrum at 0.65 mW. The spectrum showed a 40 % intensity drop in its
spectrum, yet above the -3dB bandwidth.

CHAPTER 6

Comparison with IR Laser QWI

fabricated SLDs
The present chapter details an alternative laser intermixing technique: IR-Laser-QWI (also
referred to as Laser-RTA) and analyse its results for SLD spectral width improvement. The
experiments were carried out on the InGaAs/InGaAsP/InP laser diode structures M0062 and
M1580 detailed in Chapter 3. This chapter begins by a presentation of the IR-Laser-QWI
process, followed by some preliminary results: the first tests of SLD fabricated from bandgap
tuned material using a single laser source and the experimental results that led to the delivery
of a satisfying bandgap energy modification with limited material quality deterioration. The
third part depicts the fabrication of SLD from material intermixed by simultaneous use of two
laser sources as presented in the journal article titled “Enhanced spectrum superluminescent
diodes fabricated by infrared laser rapid thermal annealing”, Optics & Laser Technology, vol.
54, pages 401 to 406, published in December 2013. Finally this chapter is concluded by a
comparison of the results obtained with IR and UV-Laser-QWI and a reflection on the benefits
and drawbacks of each method.

6.1 Infrared laser rapid thermal annealing
6.1.1Experimental procedure
This section describes the IR-Laser-QWI set up. One of its unique feature is the background
laser diode (fiber coupled) providing wafer background heating. Indeed, while CW IR Laser
use for QWI has already been reported (sometimes under the designation of Photon
Absorption Induced Disordering), a single laser was used to anneal the region to be
intermixed, and samples were usually placed on a hot plate to ensure background heating of
the entire sample (in order to limit the energy to be delivered by the laser to reach intermixing
temperature, therefore the damage induced to sample). However the reported background
temperatures are usually in the range of 300°C, while the temperature required for intermixing
is close to 700°C for InP-based and 900°C for GaAs-based materials, thus the laser power to
be delivered remains important. The use of a laser diode for background heating allows a far
higher temperature for the entire sample surface. This limits the upper Nd:YAG laser power
required to bring the processed region to intermixing temperature and therefore the material
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damage. The use of a laser for background heating also allows a very fast temperature
elevation, hence reduces processing time (Figure 6.1).

Figure 6.1 Transient temperature behavior at the center of InGaAs/InGaAsP/InP QW heterostructure wafer
irradiated with a 1.2 W CW Nd:YAG laser and backside heated with a 16 W CW laser diode. Solid black line:
Experimental data; red broken lines calculated values [R. Stanowski, J.J. Dubowski, 2008]

(1) Laser system
The IR-RTA set-up, schematized in Figure 6.2, was built on an optical table to suppress
vibrations troublesome for process precision. The sample, after being capped on both sides by
PECVD silicon dioxide to prevent the material desorption during annealing, is placed on a
silicon wafer. Said wafer is itself placed on a 2” graphite plate with a 10 mm x 10 mm opening
used for thermal isolation. The graphite plate is placed on 3 fused silica rods to prevent heat
transfer between the plate and the set-up. The silicon wafer function is to absorb and
homogenize the background laser beam. This entire sample holder is on a 4-axis stage to
change sample position relatively to the laser beams. The background laser diode is an Apollo
Instruments laser diode system emitting at 980 nm LD and coupled to a pigtail fiber of 1 mm
core and 0.22 numerical apertures. It can deliver a power up to 150 W. Thanks to the fiber
numerical aperture; the laser diode spot size on the sample can be set by changing the distance
between fiber end and sample’s backside (typically diameters from 2 to 20 mm can be
obtained). The top laser is a CW Nd:YAG [J.E. Geusic et al., 1964] Quantronics Q-Mark
Condor. It delivers a TEM00 Gaussian beam at a 1064 nm wavelength and a power up to 20
W. The spot diameter is 100 µm large and increases with the distance. In this case, a 500 µm
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large beam was used. A F-θ lens ensures that the same intensity profile is delivered at any
position and thanks to a galvanometric scanner, fast beam rastering is possible.

Figure 6.2 Schematic of IR-RTA set up

(2) Measurement and process control
Sample processing is measured in situ via a pyrometer and an IR camera. The pyrometer
integrated to the set-up is a Mikron M680 measuring areas of 0.4 and 0.7 mm diameter at focal
lengths of 45 and 55 mm respectively. Its sampling rate is 10 Hz. During the experiment, the
pyrometer is set to measure a fixed position usually chosen to correspond to the Nd:YAG
annealed region. A custom IR camera was used to collect information about temperature
mapping over the entire sample. The camera was a modified webcam (Pine PC-30C 6028).
The original infrared filter was removed from the device and a narrow band filter (45 %
transmission in the 820-840 nm) was installed. The minimum temperature detected by this IR
camera is 380°C. A Labview interface allows the control of the laser diode power, the sample
position and the IR Camera/pyrometer monitoring. When needed, the Nd:YAG power and
beam position were controlled via the manufacturer provided software. A feedback loop can
be set on to maintain a constant temperature via the pyrometer measurement and by tuning the
laser diode output power.
The characterization of intermixed sample before and after QWI was mainly carried out by
photoluminescence (PL) mapping. The PL measurement system was a commercial mapper
(Philips PLM-150). The excitation source can be chosen between two at 532 nm and 1064 nm
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emitting wavelength. The detector employed is an InGaAs array allowing a 130 nm spectral
span. The PL mapper maximal spectral and spatial resolutions are 1 nm and 10 μm
respectively.

6.1.2IR Laser induced QWI
For IR RTA, the intermixing of heterostructure can be controlled via the annealing
temperature and duration. Those two values are directly related to the lasers’ power and beam
velocity. The Nd:YAG beam velocity on the processed sample surface can be set by the
rastering system to a speed up to 4000 mm/s. The entire sample can also be moved for QWI
relatively to the Nd:YAG and laser diode by the 4-axis stages. By appropriately setting laser
powers, motion and beam velocity; the desired patterns can be intermixed on an
heterostructure (Figure 6.3).

Figure 6.3 Photoluminescence map of a IR-Laser-QWI processed InGaAsP/InP QW heterostructure [R.
Stanowski, J.J. Dubowski, 2008]

A process named Iterative Bandgap Engineering at Selected Area (IBESA) [Radoslaw
Stanowski et al., 2009] was developed to improve Laser RTA reproducibility (a major
challenge for every QWI processes). After a first intermixing, the sample is characterized by
room temperature PL mapping. If the PL blue shift did not reach the required values, the
sample can be put back on the IR-Laser-QWI. There, an image recognition software using an
edge detection algorithm repositions precisely the sample to be reprocessed. The process can
be repeated until the bandgap tuned structure is satisfying. An example of such iterative
process is detailed in Figure 6.4 where 4 sites of an InGaAsP/InP QW structure were blue
shifted to PL wavelength value in 3 iterations.
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Figure 6.4 Photoluminescence peak wavelength cross-scans for 4 different sites following the 1st (a), 2nd (b) and
3rd (c) IBESA annealing step [Radoslaw Stanowski et al., 2009]

The Laser RTA process, and more precisely the effect of IR lasers on heterostructure
temperature were the object of analysis and a model was established by finite element method
[R. Stanowski, J.J. Dubowski, 2008; R. Stanowski et al., 2008].

6.2 IR-Laser-QWI: Preliminary results
6.2.1Bandgap gradient creation using a single 980 nm laser diode source
The first test of IR-RTA nanostructure tuning for SLD fabrication was completed using a
sample from the structure M0062 (cf. Figure 3.7). During sample processing, the sample
placed on the silicon substrate was moved with a velocity linearly varying from 5 µm/s to 17
µm/s over the 980 nm laser diode beam. The Nd:YAG laser was not used in this experiment.
The laser diode output power was controlled via the pyrometer feed-back loop to maintain the
sample temperature at beam center at 730ºC by delivering a power close to 20 W to do so. To
prevent material desorption during annealing, the sample was capped with 50 nm of PECVD
silicon dioxide on the front side and 500 nm on the backside. This last consequent thickness
came from the necessity to cover properly the unpolished backside. Due to the changing
effective dwell time resulting of the varying scanning speed, the affected region is larger
where the scanning velocity is smaller (see Figure 6.5.a). The intermixing experiment itself
was carried out by former PhD candidate Dr. Radoslaw Stanowski who extensively studied
IR-Laser-QWI process [R.W. Stanowski, 2010].
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Figure 6.5 PL wavelength map of a sample exposed to the CW laser diode beam moving at variable speed (a) and
the bandgap energy profile along the AB line (b)

1.5 mm long broad area injection devices were fabricated from intermixed material along the
AB direction shown in Figure 6.5.b (the fabrication process was similar to the one later
described in section 6.2.3.3). The gain guiding region width was 30 µm large. The injection
lines were tilted by 7.5° compared to facet normal to limit the reflections on each cavity side
and therefore oscillations. Fabricated SLDs’ L-I (light-current), IV (current-voltage)
characteristics and emitted spectra were measured and compared to the ones of similar device
fabricated from as grown material. The bandgap tuned SLDs showed a higher emitted spectral
width, an increase up to 63 % (145 nm compared to 89 nm) at a 0.9 kA/cm² injected current
density (Figure 6.6). Due to the QWI effect, the 1555 nm emission central wavelength of the
unprocessed devices was blue-shifted to 1425 nm for the QWI SLD. If the spectral results
were satisfying, the bandgap tuned SLD LI characteristics however exhibited a much lower
signal than the reference devices’ ones. When comparing the reference and intermixed SLD
signal intensities at 3kA/cm², the latter was measured to be 60 times lower.
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Figure 6.6 Spectra from SLD fabricated from IR-RTA and as-grown material at a 0.9 kA/cm² injected current
density

This collapse of the emitted power is mainly due to the defects created by the laser annealing.
After removal of the cap layers and the InP sacrificial layer, the PL peak signal in the center of
the laser annealed region was more than 8 times weaker than in the unintermixed region. The
sample surface itself revealed clearly visible damages (Figure 6.7). This decline of material
quality was the result of the important temperature gradient and high laser power density
produced during annealing that lead to creation of defects which were also visible on sample
surface.

Figure 6.7 Microscope photography of sample surface after IR-RTA and chemical removal of silicon dioxide cap
layer

Such results were not satisfying as proofs of the IR-RTA ability to deliver bandgap tuned
material suitable for optoelectronic applications. Consequently, another series of experiments
were carried out using two IR lasers simultaneously, aiming to deliver structure satisfying the
following conditions:
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A sufficient maximum blue shift to ensure a broad spectral emission. The wafer processed
region has to be annealed with sufficient temperature and duration.



A sufficiently localised modification of the blue shift. If a bandgap gradient is an asset for
device spectral width, a modification of bandgap energy over a too large surface would be
harmful for future device performances.



Of course, as little material quality degradation as possible must be caused in the process,
to avoid affecting SLD emitted power.

6.2.2Evaluation of IR-Laser-QWI parameters satisfying for the

fabrication of optoelectronics devices
(1) Slow speed scanning process
The first experiments using simultaneously the two IR lasers were performed using the 4-axis
stage to move the sample while the two laser beams remained steady, as for the first
experiment. The dwell time was thus determined by the sample velocity and the annealing was
performed in a single passed. For this reason, this process is referred to as “slow speed
scanning” in opposition to the “high speed scanning” one described in the next section, where
the Nd:YAG laser rastering system is used to move the beam at high velocity. From this, the
IR-Laser-QWI experiments were carried out with sample from structure M1580 (cf. chapter
3), due to a lack of structure M0062. The two structures are almost similar, the M1580 having
a 400 nm thick sacrificial layer instead of 200 nm for the M0062. The samples were capped
with a silicon dioxide layer of 22.5 nm on front side and 245 nm on back side. This thinner
SiO2 thickness on the back side is due to its polished nature, unlike for the M0062 structure,
and the specific thickness value was chosen to prevent reflection.
Several experiments were necessary to deliver satisfying bandgap tuned heterostructure. The
Nd:YAG laser power was limited to 450 mW, since a higher power resulted in important
deterioration to the material quality. The most satisfying results were obtained for a 10 μm/s
sample velocity and a 720°C processing temperature. Those parameters were used for the
sample detailed in Figures 6.8 and 6.9. Two 4 mm long parallel lines separated by 300 μm
were scanned to create a larger intermixed region. For such parameters, no visible damages
were observable on sample surface, while the PL intensity varied by over 30 % between blue
shifted and unshifted area. The maximum blue-shift was higher than 130 nm. However, the
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bandgap gradient length was quite long for its intended purpose: over a 3 mm length. Indeed,
due to the long duration of the slow scanning process, the heat transfer in the sample generated
a large region affected by thermal shift. For SLD fabrication and performance reasons, a more
abrupt change in bandgap energy is desirable. Since the long wavelength emitted signal by the
rear end of the device tend to be more absorbed and less amplified in the blue-shifted regions,
for a long device, its contribution to the emitted spectrum can become null. Since the Nd:YAG
power cannot be increased to limit this effect, the intermixing process was changed to take
advantage of the Nd:YAG laser rastering system. It allows the laser beam to scan the sample
surface at high velocity (tens of centimeters per seconds). By repeatedly scanning the laser
beam over a set pattern, a larger area is annealed than by slow scanning and the optical power
delivered to a same region of the wafer is limited.

Figure 6.8 PL Peak Wavelength Map of a sample after slow speed IR laser scanning
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Figure 6.9 PL Peak Intensity Map of a sample after low speed IR laser scanning

(2) Fast speed scanning process
The Nd:YAG laser rastering system is given to allow a scanning speed up to 274.9 mm/s. In
the experiments presented, a 200 mm/s speed was used. Thanks to the software provided by
the manufacturer, a beam can be set to follow a predetermined path for a certain number of
iterations. In this configuration, it appeared that using a higher power than 450 mW for the
Nd:YAG laser pumping damages the processed material. Using fast laser scanning seems to be
more an advantage by its homogenizing of the energy delivered to a region than really in
limiting the damage created by laser irradiation. When using the fast scanning process, more
parameters are having an influence on intermixing. The scanning speed having been fixed, the
dwell time depends on both the number of laser beam pass and the scanned length. Hence,
experiments had to be carried out to determine the optimal parameters to deliver a satisfying
bandgap tuned structure. In a first time, several different scanning lengths were evaluated for a
number of scanning iterations fixed at 16000. A 2 mm length proved to be an interesting
compromise since for longer lengths (4 mm) the Nd:YAG laser power is more distributed and
the laser diode has to deliver more power to maintain a stable temperature. As a consequence,
the difference in temperature between Nd:YAG annealed area and the surrounding one is
smaller, producing a bandgap gradient of longer length.
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The temperature control loop of the software was used to keep a constant temperature, set at
first to 685°C (based on results previously obtained). The pyrometer was set to measure the
temperature at the center of the annealed lines. When intermixing by fast scanning, 5
parameters can be adjusted to modify the blue shift/bandgap tuned area size: the laser beam
scanning speed, the scanned length(which also play a role on annealing time, if the speed and
the number of iteration are constants), the processing temperature, the number of scanning
iteration and the Nd:YAG laser power. A blue shift higher than 100 nm was obtained for
20000 iterations over 2 mm long lines, representing a 200 seconds total annealing time (Figure
6.10).

Figure 6.10 Photoluminescence map of a sample processed with different laser scanning pass numbers with a 450
mW Nd:YAG laser power

To be able to process an entire sample width with 2 mm long intermixed lines, several lines
have to be processed end to end. It appeared that the fully blue-shifted area is sensibly shorter
than the scanning length, probably due to heat transfer. To compensate, the annealed regions
were overlapped by 0.2 mm. To obtain a large blue shift area, two parallel lines were annealed
with the same parameters as in the previous experiment. After several tests, it appeared that
for a 0.5 mm long separation an increase of the PL peak wavelength is visible between the two
lines so the distance was reduced to 0.3 and 0.4 mm. A 0.3 mm space between two lines
resulted in material damage, while 0.4 mm space gave satisfying results (Figure 6.11).
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Figure 6.11 Photoluminescence maps samples processed by laser annealing with different distance between two
adjacent processed lines

The processing temperature was increased up to 690°C to reach a higher blue shift with a 100
nm bandgap gradient over a length shorter than 3 mm. Finally, bandgap tuned material
suitable for SLD fabrication was delivered thanks to the previously described experiments
(Figure 6.12) which allowed defining adequate processing parameters. The gradual aspect of
the bandgap variation was here a result of the temperature gradient created during laser
annealing and differed from the quasi discrete bandgap regions obtained for UV-Laser-QWI
made SLD structures.

Figure 6.12 PL Peak Wavelength Map of a sample processed by IR-Laser-QWI for SLD fabrication

121
The fabrication and test of devices made from the aforementioned sample is extensively
described in the next section.

6.3 Enhanced Spectrum Superluminescent Diodes Fabricated by
Infrared Laser Rapid Thermal Annealing
Romain Beal, Khalid Moumanis, Vincent Aimez, Jan J. Dubowski
Interdisciplinary Institute for Technological Innovation (3IT)
Université de Sherbrooke
3000, boulevard de l'Université
Sherbrooke, Québec, J1K 0A5

6.3.1Abstract
We report on the fabrication of superluminescent diodes (SLD) from a graded bandgap
quantum well intermixed (QWI) material obtained by an infrared laser rapid thermal annealing
(IR Laser-RTA) technique. The processed semiconductor wafer consisted of an
InGaAs/InGaAsP/InP (001) QW laser heterostructure originally emitting at 1.55 μm. The
combined beams of a 150 W laser diode operating at 980 nm and a 30 W Nd:YAG laser
operating at 1064 nm are used to heat the sample. While the laser diode is used for back-side
heating of the wafer, the Nd:YAG laser beam is swept along the sample surface, resulting in
temperature gradient changing in the direction perpendicular to the scan. This contactless RTA
approach, allowed to obtain a graded bandgap material that was employed for the fabrication
of SLD devices with a broadened emission bandwidth. The lasing effect in a series of 3mm
long broad area injection diodes was suppressed by tilting their facets by 7.5° with respect to
the [110] direction. The best SLD devices had their FWHM (full-width-at-half-maximum)
emission increased by 33% in comparison to the FWHM of 36 nm observed for devices made
from the as grown material at an equal output power of 0.8mW.

6.3.2Introduction
Superluminescent diodes (SLDs), due to their broad emission spectrum, find applications in
optical coherence tomography, e.g. for cornea and retina diagnostics [A. Fercher et al., 2003],
optoelectronic components testing (transmission/reflection spectra, dispersion), fiber-optic
sensors (temperature, strain or pressure measurements) and fiber-optic gyroscopes [K. Böhm
et al., 1981]. For these applications, SLDs with broad- band optical spectra and high intensity
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emission are desirable. Indeed, optical coherent tomography sees its resolution increase with
spectral bandwidth, and high output power offers a better signal-to-noise ratio. For fiber optic
based sensors, SLD short coherence length allows feedback and mode partition noise
reduction compared to a laser-based system [J.-H. Kim et al., 2004]. A typical SLD structure
is similar to that of a laser diode p–n junction containing a quantum well (QW) or quantum dot
(QD) active region and an optical waveguide. Broad area emission of SLDs is achieved by
suppressing Fabry–Perot resonance induced by reflections from optical waveguide facets.
Facet reflections can be reduced by using tilted facets [G. Alphonse et al., 1988; H. Ma et al.,
2004], J-shaped waveguide [H. Nagai et al., 1989], absorption region on device rear side [I.
Joindot, C. Boisrobert, 1989], or anti-reflecting coatings [C. Wang et al., 1982]. Current
commercial devices offer output power from tenths of a milliwatt to several tens of milliwatts,
depending on desired central wave- length and spectral width [SuperlumDiodes, 2013]. To
increase SLDs' spectral width, different approaches have been studied. The common method is
to increase the active region gain spectrum by using chirped QWs [C.-F. Lin, B.-L. Lee, 1997]
or self-assembled QDs that exhibit broad emission due to their natural size distribution [Z. Sun
et al., 1999; Boon S Ooi et al., 2008; Q. Jiang et al., 2010]. In some cases, independent
electrodes are used along the waveguide in order to obtain the combined contribution of
ground and excited states emission to the emitted spectrum [Y. Xin et al., 2007; P.D.L. Judson
et al., 2009; X. Li et al., 2012b]. Other approaches take advantage of the bandgap variation in
light emission direction; this has been realized by selective area epitaxy [Y. Kashima, T.
Munakata, 1998] and by multi step epitaxy [Nobuhiko Ozaki et al., 2012]. However, as the
repeatability of epitaxial techniques remains to be a challenging problem, the growth of multi
wavelength structures is not a straightforward process. To avoid the epitaxial growth related
issues, post-growth quantum well intermixing (QWI) has been investigated for the fabrication
of SLDs. Thereby, the use of ion implantation induced disordering (IIID) produced devices
emitting 1.7mW power at a 95 nm spectral width, compared to a 45 nm for the as-grown
material made devices [T.-K. Ong et al., 2004]. A 130% increase of the spectral width was
also reported for a high power device comprising SLD and a semiconductor optical amplifier
(210mW for a 37 nm spectral width) [C.D. Xu et al., 2004] that was obtained by impurity free
vacancy disordering (IFVD). More recently, FWHM over 300 nm at 1145 nm center
wavelength was obtained at milliwatt power level by using IFVD in InAs/InGaAs/GaAs dot-
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in-well structures [K.J. Zhou et al., 2012]. Both IFVD and IIID techniques become relatively
complex and time consuming when used for delivering structures with several degrees of
intermixing. This complexity arises from the need of a grayscale mask for IIID and multiple
material and/or thickness deposition on selected regions of wafers for IFVD. In contrast, laser
induced QWI offers a possibility of contactless processing at selected regions of semiconductor wafers, without the need of complex mask deposition. Early experiments of IR laser
annealing and QWI, referred to as photo-absorption induced disordering [S.D. Mcdougall et
al., 1999], allowed to observe an increase in FWHM of InGaAs-InAlGaAs-based device
emission from 125 nm to over 260 nm. However, besides the very low output power level
achieved (less than 0.1mW), this process was limited to a single annealed spot (the laser beam
and the sample being motionless during the experiment), which makes it inappropriate for
efficient device mass production. More recently, similar experiments were conducted on QD
microstructures, still using a single laser beam combined with a hot plate providing
background heating [C.K. Chia et al., 2007]. Devices were intermixed after fabrication, as
openings in the metal contact pad helped define the regions to be intermixed. This offers the
advantage of limiting the annealing area, thereby limiting the annealing time. However, these
processing methods seem not suitable for mass scale production and the use of a metal pad as
a mask could limit the flexibility of the process. We have investigated infrared laser rapid
thermal annealing for QD intermixing [J.J. Dubowski et al., 2000] and fabrication of multi
wavelength laser arrays emitting in the 1400–1525 nm range [J.J. Dubowski et al., 2002].
Recently, we developed a 2-IR Laser-RTA technique that could be used, without the need of a
dedicated mask and/or an etching procedure, to deliver selective-area processed material with
arbitrary contour regions [R. Stanowski, J.J. Dubowski, 2008]. We have also demonstrated
that the IR Laser-RTA technique can be used for precise tuning of emission wavelength at
small sites (∼280 μm in diameter) of QW wafers [Radoslaw Stanowski et al., 2009]. In
addition to the spatial control of the laser beam position, the control of laser beam scanning
speed allows controlling its dwell time and, thus, the annealing conditions along the path
defined by laser spots. Furthermore, thanks to the innovative simultaneous use of two IR
lasers, the high power beam damage that can be caused by a single laser beam irradiation has
been significantly reduced. Here, we examine this seemingly promising approach application
to the fabrication of QW wafers with almost arbitrary gradients of bandgap shifted material
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and report on the operation SLD fabricated from this material; thus having its spectral width
performances improved in comparison to as grown material.

6.3.3Experimental details
(1) Material
We used a five QWs InGaAs/InGaAsP laser heterostructure grown on an n-InP substrate by
metalorganic Chemical Vapour Deposition (MOCVD). The thickness and composition of the
QWs was designed to have a material emitting at 1.5 μm at room temperature. The details of
the heterostructure are shown in Fig. 6.13. An 18.5 nm thick cap of SiO2 was deposited by
plasma- enhanced CVD on top of the microstructure to protect its surface from deterioration
during high-temperature annealing. The relatively thin cap was chosen in this case to minimize
the error of the QWI temperature measured with an optical pyrometer. Addition- ally, a 400
nm-thick sacrificial layer of undoped InP was added during the epitaxial growth of the
heterostructure to protect the InGaAs contact layer.

Figure 6.13 Cross-sectional view of the InGaAs/InGaAsP/InP QW heterostructure employed in this study

Following the annealing step, both the SiO2 and sacrificial layers were etched away to provide
a high quality defect-free surface for electrical contacts. The bottom of the microstructure was
protected during the annealing with a 266 nm thick SiO2 cap. This cap was also etched away
to allow for electrical contacting to the substrate. The experimental set up, as illustrated in Fig.
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6.5, is based on the combined use of a 980 nm CW GaAs/AlGaAs laser diode (LD) Apollo
Instruments Inc., Irvine, CA and a 1064 nm TEM00 Nd:YAG CW laser (Quantronix, Santa
Clara, CA) as previously reported [R. Stanowski, J.J. Dubowski, 2008; Radoslaw Stanowski et
al., 2009]. The pigtailed fiber (1 mm core, Numerical Aperture 0.22) coupled with the LD is
used to deliver power of up to 150 W to the back of a 2" silicon wafer. This wafer remained in
contact with the InP substrate of processed InGaAs/InGaAsP samples. The LD, operating at
30 W, projected a 10 mm diameter spot on the Si wafer, resulting in background heating of
almost the entire sample. The front side of the sample was irradiated with 500 mm diameter
spot of the Nd:YAG laser, set to deliver 450 mW of power. The Nd:YAG laser beam scanned
the sample surface by means of a galvanometric rastering system at a 200 mm/s. For 10,000
iterations (one iteration being a two-way scan) over the 1.8 mm long scan, the total processing
(annealing) time was approximately 200 s per one line. A total of 8 lines were processed over
the sample surface, in two parallel series of 4 lines separated by 400 mm. The in-situ
temperature measurements were carried out using a 2-channel fiber optic Micron M680
pyrometer and a custom made IR camera (IR-CAM). The pyrometer allowed the collection of
radiation from circular areas of 0.45 and 0.7 mm in diameter while the IR-CAM, equipped
with 820–840 nm band- pass filter, was used to monitor the sample temperature in the center
of processed lines. The LD output power was controlled in a feed-back loop to maintain the
maximum sample temperature at 690°C. The IR lasers induced heating promotes diffusion of
point defects across the structure. These defects enhance intermixing of the well and barrier
atoms at elevated temperatures, resulting in increased bandgap energy in the laser treated areas
[H. Li, 2000; Radoslaw Stanowski et al., 2006]. Due to the changing effective dwell time, a
graded bandgap material can be created depending on the laser beam size, power and
displacement parameters.
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Figure 6.14 Schematic of the IR Laser RTA setup.

(2) Photoluminescence characterization
In order to measure the results of laser-induced bandgap shifting, the sample was characterized
by collecting room- temperature photoluminescence (PL) maps using a Philips PLM- 150
mapper. The PL signal was collected from the material excited with an Nd:YAG laser
operating at 1064 nm, dispersed by a monochromator and collected by an InGaAs detector
array. The spatial and spectral resolutions of the PL mapping were 20 μm and 0.6 nm,
respectively. Besides the information concerning bandgap energy gradient profiles, the
collected PL maps played an important role in the wafer alignment and SLD fabrication
process.

(3) Superluminescent diodes fabrication
SLD fabrication began by removing the protective SiO2 cap layers using buffered oxide etch
of NH4F:HF (6:1 solution). The 400 nm sacrificial layer of InP was removed by selective
chemical etching for 390 seconds in HCl:H2O 1:1 solution. A fresh 200 nm PECVD SiO2
layer was then deposited. A schematic drawing of the SLD microstructure fabricated in this
work is shown in Fig. 6.15. The gain guided devices were defined with 30 mm wide injection
lines etched in the SiO2 cap layer and evenly spaced at 300 μm using standard
photolithography and BOE etching. To minimize the lasing effect, the injection lines were
tilted by 7.5° from the normal to the crystal (1 1 0) facets. After a standard solvent cleaning
(acetone, IPA) and O2 plasma etching (2 minutes at 100 W) to remove any undesired
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photoresist traces, the front contact layer (consisting in 70 nm of titanium and 170 nm of gold)
was deposited using e-beam evaporation. To ensure good facet quality during the cleaving
process and a lower backside resistance, mechanical substrate thinning was performed to
reduce the device's thickness down to 150 μm. After a second solvent cleaning to remove
impurities coming from the thinning process, back electrical contact layers were deposited(14
nm of gold, 14 nm of germanium, 14 nm of gold, 11 nm of nickel and 200 nm of gold). A
RTA step (60 s at 400 °C) was finally carried out to optimize the contact's resistance. The final
SLD devices were 3mm long and 300 μm wide.

Figure 6.15 A schematic of a fabricated SLD device with tilted facets

(4) Superluminescent diodes test procedure
The SLD devices were characterized using a Keithley 2520 pulsed current source. Lightintensity characteristics were measured using a Newport 818-IR Germanium photodiode. The
pulsed current source was set up with a 1 μs pulse width and a 1 ms pulse delay (0.1% duty
cycle). The application of such test parameters was intended to minimize device heating
effects at high current density due to the lack of temperature control/dissipation system, while
remaining in the operating range of the detector employed in this experiment. We note that
similar test parameters were reported in literature discussing the performance of SLD devices
[T. Yamatoya et al., 1999; H.S. Djie et al., 2007]. SLD output beam was coupled into a 62.5
mm core diameter multi-mode optical fiber and delivered to an Optical Spectrum Analyzer
(OSA) Agilent 86140B for spectral properties analysis with tested devices powered in pulsed
mode with a 0.5 μs pulse width and a 20 ms pulse delay. SLDs from both bandgap graded and
as-grown material were tested.

6.3.4Results and discussion
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Figure 6.16a shows the PL peak wavelength map of a region of the sample processed under
conditions described in the experimental details section. As-grown material shows a PL peak
wavelength centered at around 1530 nm (not identified in Fig. 6.16). After laser annealing, the
zone of an intermixed material (blue shifted) is clearly visible with the most intermixed
material emitting at near 1410 nm. A 60% decrease of the corresponding PL peak intensity has
been observed for the blue shifted region of this material. The primary source of this decrease
is the reduced quantum confinement, and related decrease of radiative (electron–hole)
recombination in the QWI material. In addition, the PL intensity could be reduced due to
increased surface scattering. The Fig. 6.16b clearly shows the PL peak intensity decrease. An
example of the bandgap gradient achieved in the direction perpendicular to the scan, as
indicated by the AB line in Fig. 6.16a, is plotted in Fig. 6.17. It can be seen that over a 2mm
distance, the bandgap varies from 1520 nm to 1410 nm between the near as- grown and most
blue shifted material. The region along line AB in Fig. 6.16a was selected for the fabrication
of 3mm long SLD devices. Due to its reduced optical absorption, the largest bandgap energy
material was used for the front (emitting) side of the SLD device.

Figure 6.16 PL peak wavelength (a) and intensity (b) maps of a sample processed with a dual laser RTA setup
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Figure 6.17 PL peak wavelength profile along line AB defined in Figure 6.16a

The light-current (LI) characteristics shown in Fig. 6.18 compare the emitted
electroluminescent (EL) power of SLD devices fabricated from the QWI and from as grown
material. The bandgap tuned SLDs exhibit a higher output power for currents below 1.5 A,
and a lower output power above this value. This difference between reference and QWI device
LI characteristics is linked to their different bandgap energy profile. The QWI induced
bandgap energy gradient reduces absorption for photons traveling from rear to front of the
fabricated SLD (as they have lower energy compared to blueshifted bandgap). This may
promote light emission at low current values and explain the better performance of QWI SLD
below 1.5 A injected current. Over this value however, the reference devices output power
becomes higher and the power difference increases to be more than two and a half times
higher at a 2 A current (4 mW compared to 1.5 mW). This can be related to three phenomena.
The most important one is the device amplification efficiency degradation due to the
progressive blue shift of the material bandgap energy along the waveguiding direction. This
quantum well bandgap energy gradient affects gain spectral bandwidth in a similar manner. As
a consequence, the rear-to-front traveling light amplification along the device length
decreases, since the emitted spectrum of a given region will exhibit a lower energy in
comparison to the gain spectrum of the regions closer to the SLD front facet. The two other
factors are the reduction of quantum confinement of the intermixed material and possible nonradiative recombination centers created by laser processing. The role of the latter factor was
reduced by the combined use of two lasers and by the fast surface scanning of the Nd:YAG
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laser that allowed to generate weaker temperature gradients and reduced stress during the high
power laser exposure of a very limited area of the sample [R. Stanowski, J.J. Dubowski,
2008].

Figure 6.18 L-I curves measured under pulsed current of a reference SLD (broken line) and a SLD (solid line)
made of the laser processed material

The fact that QWI SLD shows brighter or equivalent output power for low current density
compared to reference SLD tends to validate this hypothesis. Fig. 6.18 shows the reference
and QWI SLDs output signal spectral evolution for different currents ranging from 1.5 A to 2
A in steps of 0.1 A. As a result of the QWI effect, the 1545 nm peak emission of the as-grown
SLD has been blue-shifted to 1445 nm for the intermixed SLD device. The EL intensity for
reference devices demonstrates significant spectral ripples for the current exceeding 1.8 A, as
some lasing modes become prominent. The spectral ripple amplitude is weaker at this current
for the QWI SLD as it emits a weaker signal and the bandgap profile of the device promotes
absorption of light propagating in the front-to-rear direction. The spectral FWHM evolution as
a function of current for both devices is plotted in Fig. 6.19 and it demonstrates the broader
spectral emission of the QWI SLD device. It ranges from 48 nm at 1.5 A to 46 nm at 2 A,
while the reference device varies from 36 nm to 30.5 nm for the same two currents. The
significant drop in the spectral width of the reference device is due to the lasing modes
appearing for current exceeding 1.8 A. A comparison of the two devices' spectral properties
for an equal emitted power of 0.8mW (at 1.5 A from Figure 6.19) reveals FWHM values of 36
nm and 48 nm for the reference and the intermixed device, respectively. At 1.5mW, these
values change to 35 nm and 46 nm, respectively. This represents a FHWM gain of 33% in the
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first case and 31% in the second one. These results and, in particular, the output power of the
QWI SLD device comparable to that of the reference device, indicate the potential of the IR
laser QWI technique in delivering multibandgap wafers suitable for the fabrication of SLD
devices with attractive parameters. It is relevant to point out that the Laser-QWI technique is
well geared towards such a study, including verification of SLD modeling results, due to the
ease in generating wafers with different gradient QWI microstructures.

Figure 6.19 Spectral evolution of emitted signal for different injected currents of (a) reference SLDs and (b)
bandgap tuned SLD devices
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Figure 6.20 Comparison of FWHM as a function of injected current between the reference and the bandgap tuned
devices

6.3.5Conclusion
We have applied the infrared Laser-RTA technique for bandgap blue-shifting of the
InGaAs/InGaAsP/InP QW material designed for SLD devices fabrication. The method
combines a 980 nm laser diode, operating at 30W, with an Nd:YAG laser, operating at
450mW, for simultaneous heating of the QW material. A controlled speed scanning of the
Nd:YAG laser beam along the wafer allowed to fabricate, mask-free, QWI wafers with
significant bandgap energy gradient perpendicular to the scan direction. The SLD devices
obtained from the QWI material exhibited spectral width emission enhanced by over 33% in
comparison to the width of SLD fabricated from the as-grown material, for comparable
milliwatt range output power. The fabrication of optimized InGaAs/InGaAsP/InP SLD devices
has yet to be carried out, but our results suggest that the IR Laser-RTA technique has the
potential to yield QWI material of attractive parameter and quality for cost-effective
fabrication of SLD devices. It is difficult to speculate if, at this stage, the Laser-RTA approach
is more cost- effective than established epitaxial techniques employed for the fabrication for
SLD. However, due to the flexibility of this technique in the fabrication of multi bandgap III–
V wafers, the Laser-RTA approach could be used for rapid prototyping of SLD and other
active/passive devices that otherwise would require complicated (lithography, etching/regrowing) multi-step microfabrication procedures. We have been investigating the Laser-RTA
technique for selective area bandgap engineering of III–V quantum semiconductor wafer, but
processing of other materials can easily be accommodated.
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6.4 Analysis of SLDs electrical characteristics
The figure 6.21 presents the current-voltage characteristics measured for the devices presented
in section A.15. The electrical characteristic of the intermixed device does not appear to have
been strongly deteriorated by the process. Yet the turn-on voltage was shifted from 0.75 V to
0.79 V, very likely a consequence of the material QW bandgap increase [T.B. Susilo et al.,
2015].
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Figure 6.21 IV Characteristics of the IR-RTA processed and reference (as grown material made) SLDs
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6.5 Comparison of IR and UV laser induced QWI abilities
In the present chapter, I demonstrated the IR-Laser-QWI ability to deliver material suitable for
SLD fabrication. As broached in chapter III, IR and UV laser induced QWI both offer the
advantages of being virtually mask free bandgap tuning processes thanks to their direct laser
writing ability. Yet they are very different in their principle and set up. IR-Laser-QWI relies
on the direct annealing induced by IR beams absorptions while UV Laser irradiation create
very localised defects near the heterostructure surface which diffusion is activated by a
subsequent annealing. This section presents some thoughts on their respective technological
complexity, reproducibility and finally the delivered material qualities.

6.5.1Technological complexity
Analyzing the processes technological complexity implies considering the facilities required
for both techniques and the inherent constraint associated to their operations. The double IR
lasers system used for IR-Laser-QWI offers the advantage to avoid the management of
dangerous gases compared to UV-Laser-QWI which requires handling fluorine gas. Both
systems are based on high power lasers which therefore require adapted protections for the
operators (goggles, gloves…). Apart from the laser set up, UV-Laser-QWI requires a furnace
or a rapid thermal process to carry out its final step. Such systems are however common in
microfabrication facilities. IR-Laser necessitates a PECVD SiO2 deposition on the wafer
surfaces prior to laser processing to prevent material desorption during laser annealing. Then
again, PECVD systems are common in microfabrication, although more expensive than RTA
systems. Therefore, no technique possesses here a clear advantage concerning the aspect of
their set up cost and management.

6.5.2Reproduciblity
The reproducibility of UV-Laser-QWI has already been extensively analyzed in chapter 3 and
was proved to be suitable for device fabrication under a certain condition. This critical
condition was proved to be a strict control of RTA parameters. Concerning IR-Laser-QWI,
while no reproducibility measurements were carried out, the process demonstrated its capacity
to process multiple times a same sample until obtaining a satisfying QW bandgap energy
modification [Radoslaw Stanowski et al., 2009]. Here again, none of the two process seems to
offer a clear advantage for bandgap tuning reproducibility.
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6.5.3Material suitability for PIC fabrication
The UV-Laser-QWI has here exhibited a consequent advantage over the different experiments.
While I was able to produce bandgap tuned material by IR-Laser-QWI and used it to fabricate
working superluminescent diodes, the material PL peak intensity in the bandgap tuned regions
showed a consequent decrease of up to 60 %. This suggests an increase of non-radiative
recombination centers density in the material. Prior to this experiment, several tests had to be
performed with different laser parameters (dwell time, Nd:YAG laser power, and background
temperature) to limit material damage while obtaining the desired blue shift value. The fact
that UV-Laser-QWI relies on the heterostructure surface stoichiometry modification while the
IR lasers affect the entire heterostructure is clearly an advantage for UV-Laser-QWI.
The UV process spatial resolution is also better. For IR-RTA, the thermal diffusion resulted in
a large affected region. The obtained structure presented a long (3 mm) gradual variation of
the heterostructure. The resulting SLD spectral properties showed only a 33 % increase of its
FWHM compared to reference device. The spectrum center wavelengths of the intermixed
devices, blue shifted by almost a 100 nm compared to the reference ones reveal a very strong
contribution of the front region of the device to the output signal. This can be can explain by
the bandgap profile of the device. The signal traveling in the forward direction by a certain
region of device will see the high energy (long wavelength) part of its spectrum be absorbed
when traveling through the remaining waveguide length until the SLD output. This and the
lack of a uniform low wavelength bandgap region that would amplify efficiently enough its
signal to compensate the absorption occurring in the blue shifted region accounts for the
highly blue shifted center wavelength of intermixed SLD spectrum.

CHAPTER 7

Conclusions and perspectives

Following the previous studies realized at Université de Sherbrooke focused at first on the
UV-Laser QWI ability to deliver bandgap tuned heterostructures and then on the underlying
physical phenomenon of the process, this PhD thesis demonstrates the practicality of the
process for fabrication of optoelectronic devices. Such aspect is decisive for a transfer from a
laboratory to industry environment. Therefore the first part of this chapter synthesizes the
conclusions drawn from the results regarding UV-Laser-QWI reproducibility and application
to superluminescent diode fabrication presented in this thesis. A second part addresses the
possible future research to be carried out on this subject.

7.1 Conclusions
The work presented in this thesis aimed to investigate the UV-Laser-QWI ability to deliver
reproducibly bandgap tuned heterostructures with a material quality and process versatility of
potential

interest

for

industrial

applications.

I demonstrated

that

by irradiating

InGaAs/InGaAsP/InP heterostructures using a KrF excimer laser (λ = 248 nm) in air
environment, the resulting bandgap blue shift can be controlled within ± 15%. The large
amount of data collected to establish the degree of reproducibility, 217 different blue shift
values measured for 12 samples, is unprecedented for a quantum well intermixing method and
constitutes a strong selling point for UV-Laser-QWI. A significant part of the blue shift
variation range was revealed to be the consequence of our rapid thermal annealing (RTA)
processor limitations. When considering the blue shift variations of the irradiated sites on the
same sample, thus removing the sample to sample annealing variations, the blue shift can be
controlled within ± 8%. The PL blue shift behaviour as function of pulse number for the
investigated InGaAs/InGaAsP/InP heterostructure showed a three steps evolution: a first rapid
increase induced with just few pulses was followed by a plateau region, then a second increase
was observed to be followed by a blue shift saturation, and finally, for laser doses past this
stage, the blue shift began to decrease as the delivered pulse number increased. For a 155
mJ/cm² laser fluence, the first plateau was observed from 4 to 15 pulse doses and the second
one from 50 to 70 pulse doses. This reproducible two plateaus evolution of the PL blue shift
was experimentally established for laser processing under laser fluences ranging from 155
mJ/cm² up to 245 mJ/cm², with a faster blue shift evolution at higher laser fluence. These
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results were obtained for a 2 Hz repetition rate of the KrF laser. The laser irradiation step is
followed by a 2 minute RTA and the wet etching of the InP sacrificial layer. Hence the UVLaser-QWI can deliver multi bandgap wafers with complex patterns within a relatively short
(~ 90 minutes) period of time. It is possible that industrial size wafers could be processed even
more rapidly with an optimized setup.
UV-Laser-QWI was used for the fabrication of superluminescent diodes. Thanks to the
process’ ease to deliver multiple bandgap wafers, several different structures were investigated
to evaluate the benefit of UV-Laser-QWI for spectral performances of SLDs. A laser diode
QW structure, not initially conceived for broadband devices, was processed to fabricate SLDs
with a FWHM exceeding 100 nm for a milliWatt level output power. The bandgap energy
profile along the waveguiding direction was adjusted to obtain a broadband signal with a
relatively flat-top spectrum. Hence what appears through the work of this thesis is the
confirmation of the potential of UV-Laser-QWI to efficiently produce a desired bandgap tuned
wafer tailored for a specific application.
In addition to UV-Laser-QWI, an alternative approach, IR-laser-QWI, was investigated in the
course of this thesis. While showing abilities inferior to UV-Laser-QWI in terms of lateral
resolution, and being often more damaging for processed material, the IR-Laser-QWI has
some advantages. Its iterative bandgap energy correction ability allows achieving with high
precision bandgap tuned regions of QW wafers. It could be used on other material than InP,
such as GaAs-based heterostructure, where the UV-Laser-QWI is less efficient. IR-Laser-QWI
was used to produce an InGaAs/InGaAsP/InP bandgap gradient structure for SLD fabrication.
The resulting devices showed a 33 % increase of its FWHM at equal power compared to the
references. However, the processed region diminished PL peak intensity and the lower LI
characteristics suggest that, unlike for UV-Laser-QWI made SLDs, the material quality was
compromised by the intermixing process.

7.2 Perspectives and future works
The main aspect of the process that remains to be investigated and potentially improved is the
control over blue shift amount. The two steps observed in the blue shift variation as a function
of the delivered number of pulses are convenient as they offer process reproducibility by
limiting intermixing variations. However it appears more difficult to deliver a large number of
regions with very different bandgap energies on a same sample, especially both a very limited
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and a very large blue shifts. In its actual development, UV-Laser-QWI seems most interesting
for PIC fabrication with 3 different bandgap regions: non-irradiated for active light emitters,
an intermediately blue shifted region for electro-absorption based modulators, and a fully blue
shifted region for low loss passive waveguides. To be able to obtain reproducibly a larger
range of blue shift values on a same wafer, some variations of the laser irradiation part of the
process could be investigated. Two promising leads that could be investigated further are the
control of irradiation environment and the use of a different sacrificial layer material than InP.
The use of different medium during irradiation seems promising: water and air environments
have already been investigated, and the results showed than the amount of oxygen
incorporated near the surface is a major factor allowing the control of the blue shift amplitude.
Thus, the question of the control of the oxygen amount in the irradiation environment might
give a control over the oxide rich layer created and on the intermixing amount. The
investigation of different sacrificial layer material than InP is another possibility. The use of
InGaAs and GaAs top layer were reported to result in a reduced thermal blue shift compared
to the non-irradiated regions for GaAs based structure. However, the use of quaternary alloys
such as InGaAsP has not been documented for this purpose. On a more technological aspect,
the use of UV-Laser-QWI still has to be verified for more complex integrated devices, such as
WDM emitters and/or receivers. Yet the current understanding on the process abilities allows
being optimistic.

Conclusion et perspectives
Suite aux précédentes études réalisées à l’Université de Sherbrooke, qui avaient étudié en
premier lieu sur la capacité même de l’interdiffusion de puits quantiques par laser UV à
produire des structures à énergies de gap multiples, puis sur les phénomènes physiques
impliqués dans le procédé, cette thèse de doctorat démontre la valeur pratique du procédé pour
la fabrication de dispositifs optoélectroniques. Cet aspect est capital pour un éventuel transfert
du procédé vers l’industrie. La première partie de ce chapitre fait la synthèse des résultats
obtenus et des conclusions qui en découlent en ce qui concerne la reproductibilité de l’IPQUV et son utilisation pour la fabrication de diode superluminescentes. La seconde partie
présente ensuite les futures recherches possibles liées à l’IPQ-UV.

7.1 Conclusions
Les travaux présentés dans cette thèse ont démontré la capacité de l’IPQ-UV à produire façon
reproductible des hétérostructures à énergies de gap multiples tout en conservant la qualité du
matériau d’origine. J’ai observé qu’en irradiant dans l’air une hétérostructure à puits
quantiques d’InGaAs/InGaAsP/InP avec un laser excimère KrF avec une longueur d’onde de
248 nm, le décalage du pic de photoluminescence (PL) résultant après un recuit en atmosphère
contrôlé peut être maîtrisé à ± 15%. La relativement importante quantité de données collectées
pour évaluer la reproductibilité, 217 valeurs de PL mesurées à partir de 12 échantillons
différents, est sans précédent pour un procédé d’interdiffusion et constitue un argument fort en
faveur de l’IPQ-UV. Une part importante des variations du décalage du pic de PL s’est avéré
être la conséquence des limitations de notre four à recuit rapide. En effet, si l’on ne considère
que les variations de site à site sur un même échantillon, par conséquent en s’affranchissant
des variations dus au recuit, la variation du décalage de photoluminescence peut être contrôlée
dans un intervalle de ± 8%.
La valeur du décalage vers le bleu du pic de PL en fonction du nombre d’impulsions laser
s’est avéré suivre une évolution en trois étapes: une première rapide augmentation pour de
faibles nombres d’impulsion suivie d’une stagnation; par la suite le décalage de PL connaît
une deuxième augmentation suivie également d’une stagnation et finalement, passé ce
sommet, le décalage en longueur d’onde diminue. Pour une densité d’énergie de 155 mJ/cm²,
la première stagnation apparaît entre 4 et 15 impulsions et la seconde entre 50 et 70
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impulsions. Cette évolution à deux plateaux a été mesurée pour des densités d’énergie allant
de 155 mJ/cm² à 245 mJ/cm², l’occurrence des différentes étapes évoquées précédemment
étant plus rapide à haute énergie. Ces stagnations peuvent être utilisées avantageusement
puisqu’elles limitent les variations du procédé.
Sachant que l’irradiation est suivie d’un recuit rapide de deux minutes et de la gravure humide
de la couche sacrificielle d’InP, cela signifie que l’IPQ-UV permet la fabrication de gaufre à
énergie de gap multiple en guère plus d’une heure dans les conditions de notre laboratoire et
potentiellement beaucoup moins dans des conditions de production optimisées.
L’IPQ-UV a été utilisé pour la fabrication de diode superluminescente (SLDs) et plus
précisément pour le prototypage de différente structures afin d’augmenter la largeur spectrale
des dites SLDs. Grâce à la souplesse d’utilisation mentionnée précédemment, plusieurs
structures ont été réalisées pour évaluer leurs effets sur les performances des SLDs. Grâce au
procédé d’IPQ-UV, en modifiant une hétérostructure laser qui n’avait pas été initialement
conçue pour la production de source large bande, nous avons pu produire des SLDs avec une
largeur de spectre à mi-hauteur de 100 nm et plus pour une puissance optique de l’ordre du
milliwatt. Les variations de l’énergie de gap dans la direction du guide d’onde ont été ajustées
pour que le spectre de sortie présente un sommet plat. Ces résultats confirment le potentiel de
l’IPQ-UV pour la production de structure à énergies de gap multiples pour la fabrication de
dispositifs photoniques spécifiques.
Parallèlement à l’IPQ-UV, une approche alternative, l’IPQ-IR a aussi été expérimenté lors de
cette thèse. Bien que montrant une résolution spatiale inférieur à l’IPQ-UV, et résultant
souvent en une dégradation de la qualité de l’hétérostructure, ce procédé possède des
avantages propres, notamment sa capacité de correction itérative de l’énergie de gap, sa
rapidité (une seule étape au lieu de deux) et sa capacité à être utilisé pour d’autres types de
structure que celles à base d’InP, comme les structures à base de GaAs, pour lesquelles l’IPQUV est moins efficace. L’IPQ-IR a été utilisé pour fabriquer un gradient d’énergie de gap à
partir d’une structure d’InGaAs/InGaAsP/InP pour la fabrication de SLD. Les dispositifs
fabriqués à partir de ce matériau ont vu leur FWHM augmenté de 33 % par rapport à ceux de
référence. Cependant, la diminution de l’intensité du signal de PL et la caractéristique LI des
SLDs suggère que contrairement à l’IPQ-UV, la qualité du matériau a été altérée par le
procédé d’interdiffusion.
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7.2 Perspectives
Lorsque l’on considère les résultats obtenus, il apparaît clairement que le principal axe
d’amélioration potentiel concerne le contrôle du décalage en longueur d’onde. Les deux
phases de saturation évoquées précédemment ont pour avantage d’améliorer la
reproductibilité. Cependant il reste difficile de produire des échantillons avec des zones
interdiffusées à un grand nombre de degrés différents, spécialement à la fois des zones
faiblement et hautement interdiffusées. En l’état, l’IPQ-UV est déjà très intéressant pour la
production de dispositifs avec trois énergies de gap différentes, comme par exemple une
source lumineuse, un modulateur électro-absorbant et un guide passif. Pour être capable de
produire une plus large palette d’interdiffusion sur un même échantillon, plusieurs solutions
pourraient être expérimentées. Deux semblent particulièrement intéressantes: contrôler de
l’environnement durant l’irradiation laser et utiliser une couche sacrificielle de composition
autre que l’InP. En ce qui concerne l’utilisation de différents médiums durant l’irradiation,
l’air et l’eau ont déjà été expérimentés. Cette étude pourrait être poussée plus avant, par
exemple en contrôlant précisément l’environnement gazeux durant l’irradiation. Puisque
l’apport d’oxygène est capital dans le procédé en participant à la création de défaut ponctuel,
l’effet de sa concentration en milieu gazeux pourrait être évalué. En ce qui concerne la
composition de la couche sacrificielle, l’utilisation de GaAs et d’InGaAs a résulté en une
suppression du décalage de PL dans les zones irradiées, tandis que l’InP a résulté en son
augmentation. L’évaluation d’un alliage quaternaire comme l’InGaAsP pourrait être pertinent
et n’est pas encore documenté. Finalement, d’un point de vue plus technologique, l’utilisation
de l’IPQ-UV doit encore évaluée pour la fabrication de dispositifs photoniques plus
complexes, tel que des émetteurs-récepteurs multiplexés en longueur d’onde ou des circuits
hybrides III/V sur silicium. Cependant l’état actuel des connaissances sur les capacités du
procédé permet un certain optimisme.
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