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Abstract

Recently, InAs/InP quantum dot lasers operating in the telecommunications wave-
length range showed promising properties such as low threshold, high external efficiency,
high bandwidth, multiwavelength emission and passive mode-locking. The photolumi-
nescence of quantum dot layers is investigated, in the scope of improving InAs/InP
quantum dot lasers performance operating in the telecommunications range. Stacking
of layers with GaP underlayer reduces the full width at half maximum of the emission,
improving the laser performances to a competitive alternative to quantum well lasers.
Polarization photoluminescence of sample edge emission is investigated to aim for the
development of a polarization insensitive semiconductor optical amplifier operating at
1.55 um. Polarization properties are studied for a stack period between 5 and 30 nm
and for single quantum dot layers rapid thermal annealed from 600 to 700°C. Decreasing
the period lowers the degree of polarization of side emission from 80 to 40%, suggesting

modification of polarization properties by coupling between the layers.
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Chapter 1

Introduction

1.1 Reduced dimensionality structures

Since the enhancement of semiconductor purity which lead to the development of the first
transistor based on Germanium by Shockley at Bell Labs in 1949 [1], solid state physics
grew to become the biggest physics domain. Semiconductors proved interesting as their
bandgap is small compared to insulators, so that carriers are easily promoted from the
valence band (VB) to a higher energy band, the conduction band (CB). By applying a
voltage on these materials, one can switch on and off the carrier current, in a p-n junc-
tion, made by controlled doping of semiconductors. In 1952, the p-n junction was then
processed to convert light into current in a solar cell [2] and to transport current through
thin layers, with the development of tunneling diodes (1958) [3]. Current to light con-
version devices in the infrared was achieved with the first solid state laser using a doped
GaAs junction in 1962 [4]. Further gap width and alignment engineering was achieved in
semiconductor heterostructures (SH), which used different semiconductors in a single de-
vice to widen the spectrum of energies available for device operation. Surprisingly, light
emitting diodes (LEDs), which are currently revolutionizing lighting, were invented way
before in 1907 by H.J. Round with silicon carbide [5]. Later, intensive research was done
to reduce the size of semiconductor devices and their power consumption. As dimensions
of these devices shrank, new properties arose, quantum effects, which can be used in or-
der to enhance device performances, for instance in quantum well lasers in 1975 [6]. As a
better understanding of dimensionality confinement effects on the electron wavefunction

was achieved, interest in lower dimensionality devices such as quantum wires (QWR)
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and quantum dots (QD) structures grew at the end of the 20th century and led to the
decrease in threshold injection current of heterostructure laser devices. Here the QDs

are used as tiny emitting devices for higher performance telecommunications lasers.

Band properties of semiconductors have been extensively studied theoretically to fuel
these developments. Beginning with Bloch’s theorem (1928) and Brillouin’s zone de-
scription for a periodic structure, the tight binding model described the origin of energy
bandgap in crystal semiconductors. For the first time, it was shown that periodicity
in a bulk substance restrains allowed electrons momentum quantity, resulting into the
quantization of electron’s energy. Luttinger and Kohn [7] then developed & - p theory as
a perturbative approach to solve Bloch’s wavefunction for wavevector k ~ 0, leading to
the parabolic band approximation and the introduction of an effective mass for electrons
and holes. It was also shown that the Bloch functions for the conduction band acts as
a s-like atomic orbital (1=0) and the valence band as a p-like atomic orbital (1=1). This
greatly simplified bandgap structure calculations, as electron’s interactions are grouped
into a single parameter. In 1980, quantum mechanical spin property was included by
Kane [8] into k - p calculations, which showed that the valence band is in fact separated
by spin-orbit coupling in three bands, the heavy hole (HH), light hole (LH) and split-off
band (SO).

Further control of carriers was achieved by their confinement in low dimensionality
structures, from bulk to QWs, QWRs and QDs. Notice the redundancy in the use of
the ‘quantum’ word: when a material’s dimension is reduced to the order of de Broglie’s
wavelength, boundary conditions applied to the electron’s wavefunction cause discretiza-
tion of energy levels. Due to their 3D confinement (see section 2.1), QDs have atomic-like
completely discrete energy levels instead of the continuum offered by bulk substances.
QDs are often referred to as ‘artificial atoms’ because of that fundamental property [12].
The bottomline is that the properties of a single atom can be reproduced by the use of
structures containing a few thousands semiconducting atoms, instead of the challenging
isolation of a single atom. As growth techniques improved over the last two decades, QDs
generated a lot of interest, offering great tunability by the variation of their size, strain
and composition distribution. These nanostructures can now be grown in a multitude of
ways, namely self assembled quantum dots (used in this thesis), dots in a wire [13], dots
in a two dimensional gas (2DEG) [10] and more recently, colloidal QDs [11].
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(a) InAs/InP self assembled QDs (b) InAs/InP dots in a
nanowire [9]. Copyright
2008 by the American
Physical Society

(¢) Two dimensional gas (2DEG) (d) Colloidal CdSe QD {11]. Repro-
forming a double dot structure [10]. duced by permission of The Royal So-

Reproduced by permission of IOP ciety of Chemistry
Publishing

Figure 1.1: Different kinds of QD structures
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InP p side

- =

excitonic energy InP n side

Figure 1.2: Fabry-Perot laser structure and band structure. Left: Band structure of
emitting core. Right: Common Fabry-Perot laser with electrical injection from a p-n
junction.

Fueled by the theoretical predictions of enhanced performances compared to other
confined devices [14, 15], a large number of QD devices were developed. Lasers for
telecommunications, optical coherence tomography (OCT), high efficiency solar cells,
semiconductor amplifiers and quantum bits (qubits) for quantum computers are only
a few examples of QD devices. In the last few years, organic colloidal QDs made of
CdSe have gathered huge interest as they are easily grown in a solution and then spin
coated on a substrate, providing a way to produce cheap solar cells without conventional
nanofabrication. However, light conversion efficiency of such devices remains lower than
5% and the underlying performance limiting processes, such as surface states, remain
under investigation [16, 17].

Lasing device

Semiconductor lasers are of great interest due to their compact nature and electrical
pumping scheme. In order to get positive optical gain and thus lasing effect, light emitted
in a semiconducting device has to be confined in a structure where population inversion
can occur. This can be achieved in a Fabry-Perot (FP) cavity, where two vertical mirrors
placed at the ends of a gain material provide longitudinal confinement. Light is confined
in the transverse direction by the difference of index of refraction at the waveguiding core
/ p-n junction interface and lateral confinement by the ridge / air interface (see figure
1.2). Light production comes from the injection of electrons into the waveguiding core by
the p-n junction. The electrons in the active region then lose energy by phonon emission,
until they fall into the conduction band (CB) of the confined structure. Recombination

of electrons with holes in the valence band (VB) then leads to photon emission. The
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photon is then trapped in between two mirrors reflecting most of the light back into
the cavity, stimulating coherent photon emission from other dots with the same energy
levels, leading ultimately to the laser effect. Semiconducting Fabry-Perot lasing devices
are very convenient, as they are low power and very compact. Traditional p-n junction
laser emission is limited by the material intrinsic bandgap, but QDs, as shown below,
offer a lot of advantages over bulk p-n junction lasers, including bandgap, or emission
tunability.

Why QDs?

Most of today’s telecommunications lasers are based on QW active layers, which lower
threshold and improve efficiency of devices compared to bulk lasers. In such lasers,
discretization of energy levels in a QD results in great advantages over other confined

structures [18] :

e Lower lasing current density Jy,, as population inversion is easier to achieve [14].

e Higher characteristic temperature Tj, translating into a lower laser temperature
dependence operation, because the thermal energy kgT is lower than the energy
level separation, so electrons can’t populate a higher energy level [15].

e In the case of QD ensembles, enhanced tunability of the emission wavelength and
broader emission [19].

e Higher external efficiency 7y and lower internal losses o; [20].

e Independent emitters : carrier dynamics in a QD don’t affect the carriers of neigh-
boring QDs, contrarily to QWs.

These ‘theoretical” advantages are hindered by the inhomogeneous broadening (IB) of
the physical QDs. Growth of such structures took more than a decade, but now growth
of III-V self-assembled (SA) QDs is well controlled. Self-assembly of InAs islands, in-
teresting because of its large lattice mismatch with GaAs and InP, can be achieved by
the Stranski-Krastanow (SK) growth. This strain driven growth method (see section
2.2) leads to high QD densities (> 10" dots/cm?) of roughly 30 nm diameter and 4
nm height lens shaped QDs. That lens shape structure at the nanometer scale provides

zero dimensional (0D) confinement of electrons, but doesn’t reproduce the properties of
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an ideal QD formed by the superposition of three independent QWs. Due to the QD
lens shape, confinement in the plane of the dot is weaker than in the growth direction
(2), so it can be approximated by an in-plane two dimensional harmonic oscillator and a
quantum well in the vertical direction [21], as confirmed by magnetic photoluminescence
(PL) measurements [22]. Depending on the substrate used for QD growth, emission can
be tailored in various wavelength ranges, opening the door to a multitude of applica-
tions. For instance, InAs SA QDs on GaAs substrate emit around 1 ym and the 1.5 ym
telecommunications range can be achieved with an InP substrate. However, the statisti-
cal growth nature of SA QDs leads to distribution in size, composition and strain. This
phenomenon, the IB of the emission, results in a broad collective DOS, which has to be
taken into account when discussing advantages of QDs over QW. Despite the broadening,
actual devices with InAs QDs on GaAs have shown infinite Tj [23] and very low threshold
current (< 17A4/cm?) [24].

In order to better understand the electronic shell structure of QDs, isolation of a sin-
gle quantum dot for spectroscopic studies was required, as the emission from an ensemble
of dots hides the individual QD behavior [25]. Ultimately, the ability to grow a single
QD intentionally was achieved on a pyramid and deposition of gates allowed electrical
injection and control over the band alignment by applying electric fields [26, 27]. Mag-
netic PL studies were also carried on single SA QD to gain more insight on dot energy

structure, revealing the effect of spin-orbit coupling for example[28].

InAs/InP QDs : the telecommunications goal

With the growing demand for bandwidth in telecommunications, high performance lasers
with lower threshold current, better efficiency and higher bandwidth emitting in the C
and L bands extending from 1530 nm to 1625 nm are needed. The C-band, or conven-
tional band, corresponds to the minimum signal absorption band in erbium doped fibers
used for long distance data transmission in telecommunications. Development of strain
engineered InAs dots grown on GaAs achieved this goal, but PL signal remained weak
due to non-radiative recombinations induced by a bigger number of defects [29]. SA InAs
QDs grown on InP emitting in the 1.5 ym range were first successfully grown by Fafard
et al. [30]. Growth conditions were only recently mastered, due to the lower lattice
mismatch of InAs on InP substrate, which causes the growth of bigger, thinner, inhomo-
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geneously broadened QDs. Furthermore, InP growth chambers are much less common
than conventional GaAs molecular beam epitaxy (MBE) chambers. Finally, a number of
telecommunications devices using QDs were grown, now including semiconductor optical
amplifiers (SOAs) [31], multiwavelength lasers (MWL) [32], mode locked lasers (MLL)
[33, 34], very low threshold QD lasers [35]. Future applications include entangled and

single photon sources, the basic pieces required for quantum computation [36, 37].

Advanced applications

As mentioned before, IB can be problematic for low threshold current lasers as the
gain is spread over a larger wavelength range. On the other hand, larger IB can be
desirable for MWL and MLL. As a cleaved FP laser emits laser modes separated by
AN = A%/2nL ~ 0.25 nm, a stack of QD layers with an emitting bandwidth up to tens of
nanometers allows production of a lot of modes in the lasing peak, n being the index of
refraction and L the length of the device. That way, emission of up to 90 laser channels
from a single device in a 13 nm 3 dB bandwidth of emission in the L and C bands was
made possible [38]. Such high number of channels is remarkable for wavelength domain
multiplexing (WDM) and remote sensing, as an array of QW lasers can be replaced by
a single QD laser diode. What is even more surprising is that achieving MLL with the
same device is fairly straightforward. Adding a high reflectivity coating on a facet of the
laser diode provides high enough photon density to correct the intrinsic linear dispersion
present in the waveguide, resulting in uniform mode spacing. At that point, nonlinear
processes such as four wave mixing and phase locking can occur. C and L band 400 fs
pulses were demonstrated, which are the shortest pulses from a semiconductor MLL in
these wavelength range [33, 32].

1.2 Thesis outline

Up until now, polarization control over the emission of a quantum dot layer has yet to
be achieved. This step is necessary if one is to use QDs into SOAs and other polarization
sensitive devices. Moreover, another problem in the laser devices is strain propagation
in the stack of active layers, which causes a worsening of the IB, limiting the device gain
and hence its performances. Both of these shortfalls will be addressed in this thesis by
the spectroscopic study of QD stacks. In the next chapter, the theoretical framework of
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the PL is presented to get an insight on the polarization properties of a stack of QDs.
In chapter 3, play over the stack period and intermixing will be investigated as a way to
achieve polarization independence. Insertion of a GaP strain compensating underlayer
will also allow the reduction of IB in the PL, closing the performance gap between the
QW and QD laser devices as shown in the second half of chapter 3. Note that even
after the GaP addition, the QD ensemble spectral bandwidth is wide enough for MWL
and MLL applications. Finally in chapter 4 we take advantage of the IB instead of
fighting it to make superluminescent diodes (SLDs), for application in optical coherence
tomography (OCT).



Chapter 2
Theory

In this chapter, we begin by deriving the density of states for QDs to show that energy
levels are indeed quantized. In section 2.2 the physical realization of the 3D confinement
is investigated by the presentation of various growth methods. The dimensions of the dot
will reflect in the calculation of the band structure and energy levels (section 2.3). As
the luminescence properties of QDs are investigated in this thesis, the optical selection
rules are derived in section 2.4 and finally, following treatment by Bastard, the envelope
function approximation is used to gain insight on the optical polarization properties of
the QDs.

2.1 Quantum dot (QD) density of states

As mentioned before in chapter 1, QDs behave very much like atoms, as they have dis-
crete energy levels. This is counterintuitive compared to most macroscopic quantities,
like momentum and energy, which are continuous. Here we prove from Schrdinger’s

equation the discretization of energy levels in a confined structure.

The discretization of QD levels is a fundamental property resulting from the reduc-
tion of dimensionality. Mathematically, it is described by the density of states (DOS),
the number of electron states available per unit energy. Let us consider a single elec-
tron in a bulk material. As we reduce material’s dimensions to the order of Broglie’s
wavelength, confinement of the electron wavefunction into the low dimensional material

imposes boundary conditions to Schrdinger‘s equation, leading ultimately to the discrete-
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ness of energy levels for the 0D case. The wavefunction of an electron in a quantum dot

has to satisfy Schrdinger‘s equation and the boundary condition :

2
_ vy + V¥ =EV¥ (2.1)
2m*

where ¥ is the electron’s wavefunction, z; = x,y, z, V refers to the potential created by a
1D well and L; is the width of the well. That way, the QD is viewed as the superposition of
three independent infinite quantum wells in X, y, z. As done with traditional approaches
to solve the problem of an infinite potential well, we pose the solution ¥; = €% with

k; = 2mn;/L to satisfy boundary condition. Inserting ¥ into 2.1 we find the following

eigenenergies :
h2
E= k2 + K2+ k2 2.3
(2RI (23)
or 242
4mh 9 9 5

Equation 2.4 shows clearly that if L; gets small (on the order of Broglie’s wavelength)
a change in index n; implies a finite energy step, thereby creating discrete energy levels.
These equations describe a perfect 0D box, but real quantum dots grown by self assembly
are lens (or disk) shaped and have finite barriers. In section 2.3 we will show that QD’s
microscopic z direction acts like a quantum well and the x-y electron confinement plane
(roughly 10 times z dimension) contributes as a 2D harmonic oscillator on energy.

In equation 2.3, since the wavevector & is no longer continuous, but quantified in 1,
2 or 3 directions, the DOS available for electrons in the k-space is different for bulk,
QW, QWR and QD. DOS is then obtained by p(E) = dzzgs), so the number of states
N(E) for each structure needs to be computed. Number of states is derived from the

ratio of the space occupied by all states on the space occupied by a single state. For
more details, refer to Arakawa et al. [15] and Bimberg [39]. Allowed states and their
associated k-space values for different dimensionalities are represented in figure 2.1. The
allowed k vectors are contained within a k-sphere for a bulk substance, on planes for
QW, on lines within the planes for QWR and represented by dots for a QD, so for the
latter k values are completely discrete. This reduction of the allowed energy values for



Theory

(c) QWR (d) QD

Figure 2.1: Allowed K space values for various dimensionalities

11



Theory 12

DOS

\

Figure 2.2: DOS dependence on dimensionality

Energy

wavevectors with dimensionality explains the discretization of energy levels.

E p(E)

3D 2o (k2 + k2 4 k2) Ll (2m*E)V/?

oD | Mrni y A

2m* L2 2m

ﬁ2 2 2 h2 m* _
]‘D QerL2 (ln’z + ny) + (kg) %(2_hr)1/2 an,ny(E - Enz,ny) 1/26(E - Enzy"y)

2m*

0D 2?5?1242 (ng + TLZ + ni‘) 25(E - Enz,ny,nx)

Table 2.1: Allowed energies and density of states p(E) for 3D, 2D, 1D and 0D structures

Table 2.1 summarizes allowed energies and the DOS for all dimensionalities. Figure
2.2 is the graphical representation of table 2.1 and shows that DOS in function of energy
for a bulk is parabolic, then changes to a step function for a QW, to a parabolic decrease
for QWR and finally to a Dirac delta DOS for QDs. The Dirac delta DOS of QDs means
that energy levels are quantized. The discreteness of energy levels is why QD lasers are
expected to show better performances than traditional QW or bulk lasers, as mentioned
in chapter 1.
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Figure 2.3: Left : Stranski Krastanow growth method. a¢ and agp stand for the lattice
parameter of the substrate and QD substance respectively. QD forms due to strain
energy relaxation caused by the lattice mismatch. Right : Self-assembly growth modes
for substrate free energy in function of interfacial plus dot material free energy. At a
critical wetting layer thickness ¢., the growth switches from FdvM to SK [40].

2.2 Growth of QDs

We demonstrated how discrete energy levels appear in 0D structures, but we now need
to create such structures physically. A well known method is self-assembled (SA) growth
of quantum dots, a strain driven process used for the growth of this thesis samples. By
choosing a dot material and a substrate material with different lattice parameters (agp,
ag), a strain energy (u) is associated to the materials lattice mismatch (¢ = “—9%0339)
Materials also have their respective surface free energy (yvop, o) and interfacial surface
energy (Ygpo) between the dot material and the substrate, which has to be considered
in the QD growth kinetics. The principle is simple : QDs begin to self assemble to
minimize the sum of these energies. The growth process can take multiple forms; if the
substrate free energy is higher than the sum of the interfacial energy and dot material
free energy (70 > Yopo + Yop + 44), a thin film will grow on the substrate in order to
minimize total energy (Frank-van der Merwe (FvdM) growth). On the contrary, if it is
lower than the sum, 3D islands form immediately on the substrate (Volmer-Weber (VW)
growth). Lastly, growth can switch from thin film to island growth due to accumulated
strain energy in the formed wetting layer, at a critical thin film thickness ¢.. In the latter
case, relief of the strain is favorable over gain of QD surface free energy ygp; such growth
mode is referred to as Stranski-Krastanow (SK) (see figure 2.3) [40].

Selection of materials for growth is critical, as if the strain energy is too high, disloca-
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Figure 2.4: Left : Lens dot dimensions, a is the minor radius and b is the major radius
of the dot. Right : View from side of dot, [y is the height of the dot, I(p) is the height in
function of the position on the base

tions and defects into the dot structure will form to lower strain energy and thus provide
non-radiative centers, resulting in PL intensity quenching. Materials used in this work
are InAs as the dot material and GaAs, InGaAsP or InP as barrier. The lattice mis-
match is 7.2, 3.2 and 3.2% respectively, as the InGaAsP used is lattice matched to InP.
According to the above considerations, InAs dots on GaAs will form faster and higher
than on InP or InGaAsP, as their strain energy term is bigger. Furthermore, InAs/GaAs
(InAs/InP) are fundamentally different as the exchange material is the group V material
As (group III material In). These materials share the Zinc Blende crystal structure, but
InAs/InP dots have a larger VB offset than InAs/GaAs dots, which results in a smaller
confinement for electrons and stronger confinement for holes wavefunctions, as will be
shown in section 2.3 [41]. Growth of SA QDs results in lens shaped structures with a
diameter roughly 10 times the height, so the confinement potential in the z direction is
stronger than into the x-y plane. We will see in the next section that this leads to a shift
of energy levels compared to an idealized QD created by the superposition of quantum
wells.

2.3 Energy levels in a lens shaped QD

Energy levels for an electron in an ideal 0D quantum box are given by the sum of three
uncoupled quantum wells (see table 2.1). However, optical transitions in a real material
involve a electron-hole pair, called exciton, so the effective mass Hamiltonian is :
P2 P? e?

Hy = V(7 V{(Th) —
0 2m§+2mz+ (7e) + V(Th)

T — 2.5
prR——Y (2.5)
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where ¢ is the dielectric constant of the dot material, V(7.) (V(7%)) is the QD potential
shape effect for the electron (hole), P, (Fy) is the momentum operator for the electron
(hole). The last term of Eq. 2.5 is the Coulombic interactions between the electron and
hole. In the case of strong confinement, that term is smaller than the potential term so
that we can consider the hole and electron as independent particles whose wavefunctions
are solution of Schrdinger’s equation 2.1. Let us look at the effect of the confinement
potential on the electronic levels. As mentioned before, QDs grown by SK method form
lens shaped half domes of a few nanometers in height and 20-40 nm in diameter. This
leads to a stronger confinement in the 2 direction compared to the x-y plane, leading us
to the description of SA dots as quantum wells with additional lateral confinement. The
form of the potential V(7)) can thus be separated into the potential of a QW of thick-
ness lp, V(z), and a radial potential, V'(p) (see figure 2.4). The adiabatic approximation
[42] is used for the radial part, so that the lens shape is cut into n quantum wells along p.
Using the hard wall approximation, the Taylor expansion of V(p) and taking A = ly/po
fairly small as is the case with QDs used, here Schrdinger’s equation is then separable

into a QW z part and two harmonic oscillators in the x-y plane, with eigenenergies [43] :

h2w?
E, = — 2.
2m*[2 (26)
2 [ 242 K2g?
where ng,ny = 0,1,2,.... After these approximations, we obtain a discrete energy spec-

trum, as with an ideal 0D structure. Quantum number n, is omitted, as A = 0.2,
(ngy + ny + 1) would need to be bigger than 22 in order to reach the second QW level
in the z direction. Usually, because of fast carrier relaxation, the density of carriers
injected for optical measurements only fills levels below (n, + n, + 1) ~ 4. Further-
more, the QW barrier is actually finite, confining only approximately 5 energy levels,
supporting the inclusion of only the first QW energy level. The approximation of lens
dots by harmonic oscillators in x-y plane and QW in z direction has been confirmed
by magneto-PL measurements [22] and is a very elegant approach, simplifying energy
level calculations. In such experiments, the energy level structure in a magnetic field is
represented by Fock-Darwin states, displaying characteristics such as Zeeman splitting
and spin-orbit coupling [28]. Energy levels of a lens shaped QD are represented in figure

2.5. Note that the corresponding atomic shell notation s, p, d isn’t exactly the same as
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for atoms or a perfect quantum dot as for instance the p-shell can only accommodate 4
electrons instead of 6.

The previous development leads to the same kind of electronic structure for holes
in the valence band, but inverted because of the holes negative effective mass. In fact,
the valence band is a degenerate p-like shell and the conduction band, s-like because we
are dealing with III-V materials, with 8 electrons in a unit cell forming hybridized sp®
orbitals. This results into one bonding and antibonding level, separated by a gap, the
higher energy completely empties the antibonding band (created in a bulk III-V crystal)
forming the conduction band. As the lowest energy antibonding level is s-type, we shall
refer to the conduction band as s-like with angular momentum [ = 0. The bonding
orbitals separate into a filled s orbital closer to the atom’s nucleus and three degenerate
p-like orbitals of angular momentum ! = 1 [44] which constitute the valence band. Cor-
responding Bloch functions for the electrons are thus |S) (s orbital) and | X) |Y) |Z) (p
orbitals). As valence electrons carry spin and an angular momentum, spin-orbit coupling
has to be considered. Kane [8] was the first to introduce spin in k - p theory. The basis
for valence hole states is now given by the total angular momentum operator J=1+¢
and the projection of the angular momentum on the z direction (m;), where o is the
spin of the electron. Basis vectors are summarized in table 2.2; bands with m; = 3/2 are
associated with heavy-holes (HH) as their effective mass derived from eigenenergies is
higher than for m; = 1/2, the light-holes (LH) [45]. At k£ = 0 in a bulk substance, taking
the conduction band as the energy reference, the LH and HH bands are degenerate at
energy —eg, while the split off band is separate, at energy —e; — A energy. However,
as SA QDs are strained structures, biaxial strain splits the heavy-holes and light-holes
(by roughly 0.12 eV for InAs/InP lens QDs), sending the LH band closer to the split-off
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band. This is why most of the time the single HH band approximation is taken for the
valence band of QDs [46, 47]. In fact, the LH-HH mixing has been estimated to be
lower than 10% by Saito et al. for a single InAs/GaAs QD [48]. The above calculations
mean that we can apply the effective mass theory to calculate VB states in QDs with
the assumption that we are dealing with HH.

|J, m;) Yim; ¢;(k =0) | e-h band type
11/2,1/2) |i|S 1) 0 core S electron
3/2.1/2) | —/21ZD+ HIX+i) )| e light hole
13/2,3/2) % (X +iY) 1) —€ heavy hole
1/2,1/2) | H1Z 1)+ H (X +iY) 1) —eg — A | split-off hole
11/2,-1/2) [i|S ) 0 core S electron
13/2,—1/2) —\/§|Z B-2X - -« light hole
13/2,-3/2) | Z (X —iY) |) —é€o heavy hole
11/2,-1/2) | H1Z 1) = H|(X —i¥) 1) | —e—A | split-off hole

Table 2.2: Basis vectors, wavefunctions, energy gap relative to conduction band for Kane
k - p basis with spin-orbit coupling [41].

After all these considerations, we are finally able to represent the band structure of
a lens shaped SA QD. Figure 2.6 shows the band structure for a InAs/InP lens-shaped
self-assembled quantum as calculated by 8x8 & - p theory, including strain effects. Band
calculations were done on a 25 nm diameter by 3.5 nm height lens shaped QD by Gong
et al. [41]. We clearly see that the biaxial strain splits HH and LH bands. The band
structure of InAs/InP dots is quite different from InAs/GaAs, as the former bandgap
alignment confines holes and the latter electrons more deeply. The physical shape of
the QDs also modifies the band structure and shifts the energy levels. As the diameter
(or height) of the QD gets higher, more states are confined in the QD and the effective
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Figure 2.6: Conduction band of a 25 nm diameter by 3.5 nm height InAs/InP QD confines
only 3 energy states. The valence band shows splitting between the LH and HH bands
and the split-off band (SO) is barely confined in the QD [41]. Only the first hole states
are represented for simplicity.

bandgap (or exciton energy) value drops. This effect implies that the emission energy of
a QD can be tailored uniquely by changing the shape or dimensions of a QD.

2.4 Optical selection rules of QDs

We have derived the energy level structure of a QD, but optical transitions such as
absorption and emission cannot necessarily occur between any conduction and valence
band energy level. To derive the optical selection rules, we begin by treating the case
of a photon absorption, which translates directly into emission processes. If an electron
is subjected to the electromagnetic field of a photon, the excitation of the electron from
the VB to the CB can occur [49]. The Hamiltonian for an electron (equation 2.5) has
to include the effect of light, so it is modified to include the effect of a vector potential

Aem- The single electron momentum p becomes p + eA.,/c :
e
H=Hy+>—(p" Aem + Aem - 2.8
0+ Zrs (P + Aem - D) (2.8)

As A, is a time dependent potential, the transition probability for an interband
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transition, from an initial state |¢) of the VB to a final state |f) of the CB is given

following Fermi’s golden rule. The transition rate between these two states is given by

27
P=—
=

(fIV[i) Po(Ef — Ei — hw) (2.9)

Under the electric dipole approximation,

el
V= €7 2.10
oo 7 (2.10)

where mg is the electron free mass, F is the amplitude of the oscillating electric field,
€ is the electric field polarization and p is electron’s momentum. The delta function in
equation 2.9 tells us that the difference in energy between the two energy levels involved
must be equal to the energy of the absorbed photon. Further selection rules will be im-
posed on the allowed energy states for interband transitions. Electrons can be described

as a combination of atomic Bloch function px and envelope type wavefunction as ¢, so
that [50]

(fl€-pliy = & (uslPlus) (B¢l 1) (2.11)
D) 1) = W), [¥g) = [pi) [9) » |g) [65)

The Bloch ”"atomic” wavefunctions aren’t dependent on structural properties of the
sample, i.e. the shape of the confining potentials. However, the envelope functions,
extending into the whole quantum dot, feel the effect of the dimensionality and shape of
the potential. In 2, the overlap integral for the envelope wavefunctions confined into a
lens-shaped QD with infinite barriers is given by :

(¢5l @) = /¢e¢hdz = / %Sin (W;lzz) Sin (anZZ) dz (2.12)

where the sine functions the wavefunctions of an infinite QW. As the sine functions form

an orthogonal basis of states for the square well potential, we see that n¢ = n” is the only
case for which the overlap integral is non-zero. In the x-y plane, the Hermite functions
present in the harmonic oscillator wavefunction form an orthogonal basis, so the same
kind of selection rules n¢ = n® and ng = n! are found for the envelope functions of
the 2D harmonic oscillator in the x-y plane. As mentioned before, only one QW state
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Figure 2.7: Different optical and non optical processes occurring in QD structure [45].

is confined in the quantum dot, so n¢ = n* = 1. Allowed optical transitions are thus
represented vertically in a band diagram (see figure 2.7), so that only excitonic recom-
binations involving the electron and hole ground state (GS) and excited states (ES) are

allowed for photon emission.

In the preceding development, we have assumed a resonant absorption, the energy
of the photon is exactly the same as the energy levels energy gap ie. fiw = Ey — E;.
Experimentally, electrons are injected optically non resonantly into the InP conduction
band continuum of the barrier material (InP, InGaAsP or GaAs). Then these carriers
lose their energy by non-radiative processes such as fast phonon emission (1) or Auger
processes (2) (especially at high carrier density) [51], exiting the energy continuum to
fall into a lower energy QD energy level. The interband Auger process, although less
probable, can lead to quenching of QD PL, as the carriers are pushed outside of the dot
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[52]. When the carriers occupy the QD levels, interband transitions (3) provide the PL
photons and intraband (4) radiative transitions can also occur in the CB and VB. Com-
bined with selection rules, we’ll see in section 2.5 that total angular momentum J has to
be +1 to have a bright (emitting) state, as the photons are bosons. Thus, an additional
selection rules is imposed on spins : spin of electron and holes must be opposite, in order
to have J = £1. In PL, the only quantity that we are measuring is the emitted photon

energy, so how do we know we are probing QDs?

Probably one of the easiest ways to ensure that QDs have been obtained is by obser-
vation of state-filling in the dots. When the number of carriers injected by PL exceeds
the number of recombination of the GS, excited states are populated, showing up on
the PL as gaussian shaped peaks of higher energies. Experimentally, this is done by
increasing the power of the excitation laser. Note that if we probed a single QD, one
would expect only a very narrow emission line in the PL for each shell because of the
discrete DOS. However, as we usually probe ensemble of dots, the shell peaks are much
wider because they include contribution of thousands of QDs. PL spectrum of a typical
InAs/GaAs QD ensemble sample measured by Fafard et al. [53] (figure 2.8) shows that
we are indeed probing QDs as by changing excitation power the s shell emission expands

into a p (n=1), d (n=2), f (n=3) shell emission as one would expect from an artificial
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atom. The intensity of each excited state is a factor of the number of the states available,
the inter-sublevel relaxation time and the radiative recombination lifetime of the GS and
ES [54, 55]. Thus, even if the number of states is higher for ES, it is common (see top
of figure [53]) to see a higher GS or ES intensity, depending on the excitation power per
QD layer. Here, a spectrum of SA InAs/GaAs QD ensemble is shown, contrarily to a
InAs/InP QD ensemble, which has a bigger IB. In the case of InAs/InP QDs, the ES
overlap, hiding the state filling effect. Compared to the GS emission, the ES emission has
completely different optical polarization properties, so only the GS (s shell) polarization
emission properties are investigated to gain insight on the edge polarization emission.
With this in mind, we investigate the QD polarization properties of the GS emission in

the next section, which will give us additional information on the QD morphology.

2.5 Optical polarization properties of QDs

The energy of the photon emitted gives us information on the structure of the QD, but
the polarization of the light is also affected by the QD shape, depending on the hole
state involved in the GS transition. To get insight on the polarization of emitted light
from QDs, we need to go back to equation 2.12 and evaluate the atomic wavefunction
part, (ug| 7). At the center of the I's zone, Bastard [56] showed that the HH transi-
tions strength is three times the LH transition for degenerate HH LH bands (see figure
2.9). Using the atomic Bloch wavefunctions as presented in table 2.2, it is possible to
express the dipole matrix elements without making any potential assumption (so no
dimensionality assumption) [50] :

4 72 A
zJ in 2
; v moP\? ) 371/2
Z|<‘Pmslf-pl‘1’>!2=< - ) (2.13)
s (%le/2 + J§/2 - %(J3/2J1/2)008(2¢)) in X0y

Where J,; = (¢e(r)| #m,(r)) are the overlap integrals of the QD valence and conduction
bands envelope wavefunctions, 6 is the angle relative to +2 and ¢ is the angle relative to
+2 in the xoy plane, the amplitude in Z (xoy) being for angle # = 0 (¢ = 7/2). In equation
2.12, only the overlap functions J,,; are dependent on dimensionality, as the envelope
wavefunctions extend outside the dots. The coefficients preceding the J,, in equation

2.13 are related to the "atomic” part of the wavefunction (Bloch part), independent of
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Figure 2.9: Electric dipole intensity in a bulk material. Blue curve represents HH con-
tribution, green LH and red the total dipole intensity.

dimensionality. Note that the last term in xoy dependent on Cos(2¢) is only needed in
the case of coupled HH and LH bands. Considering both LH and HH bands for a 3D
bulk substance, the intensity of the electric dipole strength is constant looking from the
top or the side of the sample, as one would expect because of the isotropic shape of the
material. However, the LH contribution to the total intensity changes if we collect the
emission from the side or the top of the dots (see figure 2.9). Hence, differentiation of
the hole type contribution by edge and top measurements of emitted light is not possible
as the total detected intensity is constant.

As only the envelope functions can feel the effect of potentials, their choice is critical in
the description of QDs. A QD lens can be approximated by two harmonic oscillators in
x-y plane and a QW in the z direction, with wavefunctions :

belzy) = L — LN ER N A
VAT, )| y
B

_ -2, (@ +y%)/2
¢mj (.’E, y) - \/ﬂ_2nm+ny (nx)'(ny)' € an [x/ij]Hny [yﬂm]]

T'(2) \/gcos[i;i]

¢e(mj)(xv Y, Z) = F(Z)qse(mj)(m’ y) (214)
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where @em,) (2,9, 2) is the whole electron (hole, m; representing HH (m; = 3/2) or

me(mj)wa(m :)
h

energy, H,, and H, 6 are the Hermite polynomials, n.,n, are the harmonic oscillator

LH (m; = 1/2) wavefunction), Be(m,) = , We(m;) 18 the harmonic oscillator
quantum numbers in the x and y directions, a is the well depth and me(,)) is the effective
mass of the electrons, HH or LH. The first two expression are the harmonic oscillators
in the plane and I'(z) is the QW wavefunction. If we consider only the GS emission,

ng = ny = 0 and the last expressions reduces to

Pe -m2a4y2)/2

Pe(z,y) = emPelE Ty (2.15)
VT

d)mj(xay) — ?ﬂe'—ﬂ?nj(m2+y2)/2 (216)

VL3

Calculating the overlap functions for HH and LH, we get

a/2 o oo
= [ | [ eo.w)ém, (@ dedya:
—-a/2 J—00 J—0
a/2 ) 0o
- / / &e—ﬂg(x2+y2)/2ﬁ_mie_6’2"j @H/2p2 g dydz
—a/2 J -0 J -0 \/;T_ ﬁ
BePm;
9 y (2.17)
B2+ B2,

Experimentally, the overlap coefficient for HH (LH) is associated with the intensity
of the TE (TM) mode for the edge emission, because HH do not contribute to the
TM (z direction) mode. This can be seen in equation 2.13, as Jy/» appears in the 2
direction, contrarily to Js3/2. To characterize the polarization anisotropy of the emission,
we introduce the degree of polarization (DOP), defined as

Itg — Itm
DOP = FA——— (2.18)
A negative DOP means that the LH contribution is bigger than the HH. However, due
to the piezoelectric effects and strain into QDs [48] the HH and LH bands are non-
degenerate so that LH contribute for roughly 5% of the GS wavefunction behavior of
holes. Nevertheless, their contribution is important, as if only HH were considered, the
dipole intensity would only be TE polarized for dot edge emission, which isn’t the case

as polarization PL results will show in section 3.2.
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We now have derived the general expressions to find the DOP for top and edge emis-
sion. In the following, the effect of the LH behavior and of the in plane QD anisotropy
is included to see how the polarization properties are affected. First, we take into con-
sideration that we don’t have degenerate LH HH bands, but a I, = 5% LH wave-
function behavior. Accordingly, the wavefunction for the valence band is expressed as
VY = Ija¢1/2(2, Y, 2)p1j2 + Isja¢3/2(, y, 2)ps/2. Furthermore, we introduce the over-
lap elements calculated in equation 2.17 into the general expression for dipole matrix
elements :

c . moP\? 1 2 ,
D (¥, le-pl¥ )= ( 2 > [<I§/2J§/2 + 5112/2J12/2 - 7-’1/213/2(J3/2J1/2)005(2¢)) sin®(6)
= 3 (2.19)

4
+ 51100 5c05%(6)

where I/ = 5% (I3/2 = 1 — I1/2 = 95%) is the percentage of the intensity associated
with LH (HH).

For the top QD emission, contributions of LH and HH are both circular and any
anisotropy in polarization can be linked to the LH HH coupling term. However, SA QDs
are usually slightly elongated, modifying the harmonic wavefunctions and can cause po-
larization anisotropy as well. This is reflected in an anisotropy of the oscillator energy
in the x-y plane, so that B.(z) = af.(y) and B, (2) = o*fn,(y). Here the oscillat-
ing frequency is taken bigger in & because the dot is elongated along f, with a shape
anisotropy o = b/a (see figure 2.4). In order to get non-constant overlap coefficients, the
shape anisotropy has to affect the wavefunction of the electrons and holes at a different
rate [57]. This is included as an adjustable parameter 0 < A < 1 in S, (). Physically
this parameter is justified by the stronger hole confinement in InAs/InP QDs, A = 1
being the limiting case where the anisotropy doesn’t affect the DOP. In that case, the
wavefunctions for holes and electrons would change proportionally, so the overlap integral
would be constant.
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(a) Top dipole intensity for different
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Figure 2.10: Top dipole intensity and effect of parameters o and A. In (a) the anisotropy
of the dot modifies the degree of polarization, starting from an isotropic dot (o = 1,
DOP=0%) to an elogated dot with o = 2 (DOP=18%)
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X-Y plane

Let us investigate the effect of anisotropy on polarization, under the assumption that
the LH HH coupling term proportional to Cos(2¢) is zero. If we pose different overlap
values in the x and y directions and go back a few steps in equation 2.19,

; (TS, |e-p|T?) |2 x |:I§/2J3/2(517, y)? + %[12/2«71/2(23, y)ﬂ (2.20)
o oo B 20A+14,, Binsy
In@) = [ m¢e<x>¢m,.<x>dx—\/a2 e (2
. *© 2BeyBrmyy
I, (§) = (1) b, (y) dy = ¢ | —2E0Y 2.22
@ = [ owon = [0 (2.22)
Iy (€,9)° = I, (£)°Cos(¢)® + Jm, (9)*Sin(s)? (2.23)

then dot anisotropy is taken into account for top emission. As both LH and HH have
circular contributions, the change in LH percentage of the wavefunction doesn’t change
the DOP, so with a zero LH-HH mixing term any polarization anisotropy is solely caused
by dot shape anisotropy. By calculating the J,,,; values and inserting them into equation
2.19, we obtain the polar plot represented in figure 2.10 (a) for the top emission. As can
be seen in figure 2.10 (a) an increasing anisotropy parameter o increases the DOP, up to
18% for a = 2, A = 0.1. In (b), the effect of the parameter A on the DOP is shown. For
a smaller A, holes are less affected by the anisotropy of the dot than electrons, thereby
increasing the DOP. Finally, in figure 2.10 (c¢) the increase of anisotropy parameter o
increases the DOP as expected from the enhanced dipole strength along the elongated
direction. Note that the limiting case would be for A = 1 or a« = 1, with a zero DOP

value (isotropic polarization).

X-Z and Y-Z planes

For the edge DOP, the treatment of the DOP is completely different, as the HH (LH)
provides TE (TE and TM) mode. This means that if the TM signal collected is non-zero,
there must be a contribution of the LH. Here the in plane anisotropy has a more subtle
effect, making only an amplitude difference between the x and y axis, as can be seen by
comparing Jp,; (%) (eq. 2.21) and Jn,; () (eq. 2.22). We can conclude that most of the
effect on the DOP will be related to the LH behavior of the wavefunction. Reexpressing
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equation 2.19 for the planes X-Z and Y-Z respectively,

2 . .
‘(‘I’C |€ pl‘I’UH X Ig 2J3/2($, 2)2 + Il2 2«]1/2(13,2)2 — —11/2.[3/2J3/2(1')J1/2(.T)
/ / 3
2 . .
Zl(‘l’ Jep ¥ {Ig/zJa/z(y,Z)z+If/2~71/2(y, 2)? - 511/213/2J3/2(y)J1/2(y)]

with the overlap integrals

J3/2(27,Z)2 = J3/2( ) S’m(@) (224)
Ja2(y,2)? = J3/2( )2 Sm(@) (2.25)
Jija(z,2)? = —C’os(é?) + = J1/2( )2Sin(6)? (2.26)
Jaly,2)? = %oos(e) +§J1/2(37) 2Sin(6)? (2.27)

Figure 2.11 summarizes the effect on DOP of anisotropy parameters o, A and of the
LH proportion. As expected from an exclusively HH contribution to the emission, the
emission from the edge of the dots is highly TE polarized, resulting in a high DOP. A
20% LH proportion was chosen to amplify the TM contribution, but is a realistic value
as shown in 8k - p ab-initio calculations done by Saito et al. [48], which showed that
closely stacked InAs/GaAs dots can achieve higher than 20% LH behavior due to re-
duced biaxial strain in the QDs. As can be seen in figure 2.11, the LH proportion is
the most important factor on the DOP for edge measurements, compared to the effect
of A (figure 2.11 (c)) and « (figure 2.11 (d)). It is important to stress that this QD
polarization properties model is a basic description under the envelope approximation,
for a single QD. It does not take into account strain [58], piezoelectric effects [59], ES
transitions [57], non-infinite QW barrier in 2, electron hole exchange interaction [57] and
QD coupling in a stack due to low dot period [48].

The numerical parameters used for the polar plots are m, = 0.022 mg ; mygg =
0.34 mg ; mry = 0.026 mg ; wW.=0.06 eV ; wy,;=0.03 V. These polar plots will help us in
section 3.2 to get qualitative insight on the effect of stacking period on the LH behavior
of the dot, which in turn can give insight on the additional strain or coupling between
the dots. LH are often completely neglected when treating the optical properties of QDs,
but experimental polarization polar plots show that the LH contribution is especially im-
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Figure 2.11: Edge dipole intensity and effect of parameters o and A. In (a) the 20% LH
contribution contributes to the TM mode in X-Z (Y-Z) plane, resulting in a 83% (72.5%)
DOP. Panel (b) shows that in the case of a big LH contribution to the wavefunction, the
DOP drops significantly. For (c) and (d), curves follow a trend similar to calculations
from the top of the anisotropic dots. The difference is that the DOP is much higher for
an isotropic dot (o = 1) due to the major HH contribution on the polarization properties.
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portant in edge polarization measurements. Note that the model introduced here doesn’t
directly take into account the coupling between the QDs in a stack due to the envelope
approximation. The dot coupling is mediated by the reduction of biaxial strain, which
can only be included in an atomistic model such as 8k - p ab-initio calculations done by
Saito et al. [48]. However, the model gives us insight on the LH behavior of single QDs,
allowing us to quantify the coupling in a stack.

Now we know what to expect experimentally for the PL and Pol-PL experiments done
on QDs, the subject of the next chapter, beginning with the PL of stacks and the effect
of the insertion of a GaP strain compensating layer. Then, we modify the dot period of
the stack to investigate the effect on the polarization properties, for the long term goal
of developing a polarization independent QD SOA.



Chapter 3

InAs/InP quantum dot devices in

the 1550 nm range

In the previous chapter, the polarization properties for quantum dot edge emission were
investigated for the long term goal of developing polarization independent QD SOAs for
fiber optic telecommunications systems. In this chapter, we follow up experimental work
where the QD properties will be investigated by polarization PL (Pol-PL) in section
3.1 (3.2). We will use polarization properties concepts developed in our theory section
2.5 to modify the QD stack in order to control the polarization. This control is a long
term objective of our project, which will eventually be included in our devices, such as
SOAs. However, on the short term, our goal is to develop high performance QD lasers
operating in the telecommunications bands to replace the existing QW lasers for MWL
and MLL applications. Characterization of the laser performances will be presented in
section 3.3. But first, in section 3.1 we present standard PL results obtained from our
QD samples. This is intended as an introduction to the different building blocks we will
need in sections 3.2 and 3.3. The description of the PL setup and experiment will be
useful to introduce the Pol-PL setup, and the PL results on QD stacks, QDs with GaP
underlayer and annealed QDs will be useful to guide our studies in sections 3.2 and 3.3.

3.1 Photoluminescence of QDs

Photoluminescence is used to optically probe the excitonic states of the QDs, giving

information on the bandgap and energy states of the QD material. Carriers are injected

31
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non resonantly into the continuum of states of the substrate, contrarily to a laser structure
where carriers are injected electrically through the p-n junction. The latter, contrarily to
PL, gives information on the whole laser structure. In a way, PL is the bridge between
the materials and the devices, informing us on the bandgap, bandwidth of emission and
purity of materials, so that material engineering can be optimized before any kind of

nanofabrication is done, a time consuming and costly step.

3.1.1 Photoluminescence setup

Any PL setup is made of three main components : 1- the excitation sources such as lasers,
which inject the carriers in the sample, 2- the detectors, which analyze the light coming
out of the sample and (optionally) 3- a sample cooling system, such as a cryostat, which
allows measurement of low emission samples. Different excitation sources and detectors

used in the PL setup are represented in figure 3.1.

The excitation sources were the second harmonic wave of a YV O, green laser @ 532
nm and the Ti-Saph laser tunable from 700 nm to 1000 nm. The main laser used was the
YV Oy, for its high power output, providing a non resonant QD excitation (dots emitting
around 1.55 wm). As mentioned in section 2.4, the laser power was usually varied
between 1 mW and 100 mW to see state filling of the QDs, giving us an insight on the
IB of the samples. To vary the power, the laser beam goes through a filter wheel before
going through a converging lens focusing the beam on the sample. The light emitted by
the sample is isotropically emitted back towards the lens, which collimates the sample
emission for analysis by the detectors. This configuration, confocal excitation, has the
disadvantage of requiring a 50/50 beam splitter (BS), which dumps half the sample
signal before being feeded to the detectors. However, confocal PL is very convenient for
alignment purposes, allowing maximal signal recovery, as the detection axis is the same
as the excitation axis. On some occasions, when the sample capping layers are thick or
the QD layers are deeper in the structure, a longer wavelength laser is needed, as the
exciting intensity in function of depth is I(z) x e~ **, where z is the growth direction
of the sample and « is the sample attenuation coefficient [60]. In such cases, a Ti-Saph
laser pumped by the YV Oy laser is used instead, providing an excitation range from 700
nm - 1000 nm. By adding a mirror at point 1 of figure 3.1, the Ti-Saph follows the same
path as the YV Oy laser to excite the sample.
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At the beginning of this master’s, only a double grating step-scan spectrometer with
an InGaAs detector was available for detection from 800 nm to 1800 nm, used mainly for
chapter 4 the measurements. The sample signal is sent through a lens and a laser line
filter @ 1064 nm to filter the first harmonic wave of the YV Oy, which can saturate the
detector. As only the signal emitted by the sample is of intereét, a long wavepass @ 800
nm is also introduced in front of the spectrometer to suppress the ambient visible and
the reflected laser light present in the beam path. Later, a Bruker V80 Fourier Trans-
form Infrared spectrometer (FTIR) with a CaF2 beamsplitter connected to an extended
InGaAs detector (700-2200 nm) was bought. The FTIR is a very convenient detector
as the detection range is larger, the resolution is higher and the spectrum acquisition is
very quick, so most of the PL and the Pol-PL measurements used the FTIR. Details on
the instruments used can be found in appendix A.

In some cases, sample signal is buried into a broad background or attenuated by the
thermal effects, justifying the need for low temperature PL. These measurements were
carried at liquid nitrogen or liquid helium temperatures by switching the cryostat and are
insightful to determine the ‘real’ bandwidth of the emission, which for an ideal QD should
be limited by the detector resolution. Low temperature measurements will be mostly
useful for the bandwidth characterization of the core layers of SLDs, as will be presented
in chapter 4. On the other hand, Pol-PL: measurements on the telecommunications laser

devices were carried at room temperature (RT), which is their normal operating regime.

3.1.2 Photoluminescence of QDs layers
Sample growth

Samples were grown at NRC in a Riber 32P chemical beam epitaxy (CBE) chamber
by Philipp Poole. For the intended laser use of the QDs, QD densities have to be high
and the inhomogeneous size distribution of the QDs has to be as small as possible to
maximize the gain per wavelength. Typical state of the art growth procedure is de-
scribed in reference [61] : an InP buffer layer is grown on an InP [001] semi-insulating
substrate, followed by a 50 nm layer of lattice matched InGaAsP emitting at 1.15 um
(refered as 1.15Q), acting as the waveguiding core of the sample, because the index of
refraction difference provides confinement in 2. In the case of strain compensated stacks,
dots are grown on the binary GaP 0.28 nm thick underlayer, followed by a 25 s InAs
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110y -110x
200 nm

FAMeAe

(a) Surface view (b) Closeup of surface view

(c¢) Edge view

Figure 3.2: Surface (a) and closeup (b) SEM pictures of the top QD layer in a four layer
stack with 30 nm period. Edge view (¢) TEM shows alignment of QDs in the vertical
direction.
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Figure 3.3: Schematical representation of sample in figure 3.2 (c). Total core thickness
is ~ 310 nm.

flow interruption to allow diffusion of Indium for dot formation, which grow following
the Stranski-Krastanow method introduced in section 2.2. Dots are then double capped
with InGaAsP [62, 63], producing flat shaped dots with a narrow height distribution.
This capping procedure begins with the deposition of a thin 1.15Q first cap layer which
will define the dot height. Then the growth is interrupted for 30 s with a flux of As/P
that effectively trims the exposed top of the QD. When the QD height is equal to the
first cap thickness, the second 1.15Q capping is grown, defining the dot period of the
stack. This summarizes the growth of a single layer of QDs by self-assembly.

Multilayered samples repeat the double cap dot growth sequence and are then capped
with 50 nm of 1.15Q and 90 nm of InP. The whole process is done at (520°C) and results
in a structure roughly 300 nm (see figure 3.3) thick. Often a copy of the QD layers
is grown on top of the whole structure to allow surface SEM or AFM imaging of the
dots. As the last layer of these dots isn’t capped, the images obtained don’t represent a
perfect copy of the actual dots buried underneath, but still gives a good insight on QD
density. Figure 3.2 shows typical QDs obtained; density is ~ 5 10!° dots/cm? and mean
dimensions are 30 nm diameter by 5 nm height. The plan view SEM (figure 3.2 (a) and
(b)) shows that dots are intrinsically elongated along [110] with a shape anisotropy ratio
around 1.5. Elongation also shows in the polarization PL data, as will be presented in
section 3.2.

First, we need to confirm by the PL that we are indeed probing QDs. The PL
spectrum of figure 3.4 shows typical single self-assembled InAs/InP QD spectrum, as
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by changing excitation power the s shell expands to include a p and d shell emission,
like expected from an artificial atom [64]. PL lines are resolution limited, as expected
from the discrete nature of the DOS. However, as we deal with ensembles of dots with
dot height, aspect ratio, composition and strain distributions, energy levels of each QD
are different due to IB and the collective emission results into a gaussian emission for
each of the QD energy levels. Here the single QD PL isn’t representative of the QD
ensembles probed in this thesis. The single dot spectrum is shown because the GS and
ES emission from an ensemble of QDs overlaps in the spectrum, making the discrete
shells of individual dots hard to see. As mentioned in the theory, it is desirable to grow

the narrowest size distribution of dots to keep the advantages of 0D systems.

Effect of rapid thermal annealing

Rapid thermal annealing (RTA) can be performed on the samples to modify the IB, by
correcting dislocations, defects, varying the compositional and shape profile of the dots.
When the thermal energy provided by the RTA is higher than the activation energy
of the defect diffusion, this baking of the samples results in a change of the energy
level separation, shifts the emission of the dots and can also reduce the IB of the dots
[65, 66, 67]. Previously, cross sectional TEM of annealed samples processed by Carolyne
Dion [68] showed (see figure 3.5 (b)) that the shape is modified by the RTA, changing the
QD side aspect ratio (note that the dot shown isn’t the same for the two temperatures).

Therefore, the RTA affects the wavefunction shape, hopefully modifying the polarization
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(a) PL of intermixed samples at liquid nitrogen temperature

(b) Effect of annealing on dot shape

Figure 3.5: Effect of intermixing on (a) PL; as RTA temperature is increased peaks move
to higher energies (b) QD geometry; TEM of as-grown dot (left) and after annealing

(right)
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Figure 3.6: Representation of strain ac-
cumulation in a QD stack. Top : the
strain accumulates from layer to layer,
leading to growth of bigger dots. Bottom
: the underlayer of GaP (green) compen-
sates the compressive strain so that dot
dimensions formed are similar. TEM pic-
tures from [71] show the enlargement of
quantum dots in a stack and the effect
of the indium flush technique on enlarge-
ment of QDs. Reproduced by permission
of Elsevier.

properties and could thus provide an easy processing technique to tune the polarization.
RTAs were performed on single layers of InAs/InP QDs with grown-in defects in the InP
capping layer which was intentionally grown at a temperature lower than the optimal
growth temperature to produce a high concentration of native defects [68]. RTA on
that high number of defects enhances the diffusion processes during RTA and increases
the intermixing. For the RTA experiment, an A.G. Associates Heatpulse 410 RTA oven
was used to anneal a series of four samples at different temperatures ranging from 625 to
700°C. Each sample went through five anneal cycles of 60s for a total anneal time of 300s.
Then, PL measurements were taken at the end of each cycle to probe the interdiffusion
dynamics. Figure 3.5 shows the effect of the RTA procedure on the PL after the 300s
anneal time. The multi-peaked nature of the PL corresponds to the superposition of the
GS emission from different sub-sets of QDs of same thickness, which are referred as QD
families [69]. As the annealing temperature is increased, the PL blueshift accentuates due
to interdiffusion of group-V atoms As and P across the QD/barrier interface, releasing
the strain in the structure and forming alloys of InAsP in the dots [68, 70]. The change of
composition results in the increase of the bandgap as compared with the natural bandgap
of InAs, corresponding to a blueshift of the emission. In section 3.2.3 the effect of QD

structural, strain and composition changes on the polarization PL will be monitored.

Photoluminescence of stack

Lasing effect can be achieved by the use of a single layer of dots [72], but usually requires

high dot density to get enough gain for laser emission. As we seek QD lasers with



InAs/InP quantum dot devices in the 1550 nm range 40

1.0 1

1 layer

FWHM 145 nm
5 layers

0.8+ FWHM 250 nm

0.6 1

0.4 -

PL intensity (a.u.)

0.2 1

0.0 T T T T T T T T T T ' T Y
1300 1400 1500 1600 1700 1800 1900 2000
Wavelength (nm)

Figure 3.7: Effect of the number of layers on PL width

performances comparable to QWs, stacked structures are used to get very high gain.
The self-assembly growth of QDs results in a random seeding of QD growth on a single
layer, but an interesting phenomena happens as the layers are stacked on top of each
other. The strain field surrounding the dots produced by the lattice mismatch between
the dot and the capping quaternary propagates through the layers, leading to vertical
alignment of the dots throughout the sample layers. The global accumulation of strain
into the stack can, above a certain dot thickness, leads to the creation of dislocations
and point defects, which lower dot strain energy [70, 73]. Most importantly, the strain
propagation provides preferential seeding sites for QDs and results in a faster shift from
wetting layer (FvdM) to QD (SK) growth mode so formed QDs tend to grow bigger
with a lower density on each successive layer [70, 74]. Because of this, the cross-sectional
TEM picture of figure 3.2 (c) shows the truncated lens shaped dots aligned in the vertical
direction and the TEM picture in figure 3.6 shows that dots are indeed getting bigger as
layers are added. PL-wise, strain propagation through the layers translates into a larger
IB and larger PL. FWHM, counteracting the higher gain provided by the higher number
of dots contributing to emission [71]. This effect is confirmed by the PL represented in
figure 3.7. FWHM of the stacked layers is almost doubled and emission is redshifted
in the structure containing five layers. Widening of the emission translates into a drop
of peak gain and therefore loss of performance in the laser structure. In order to solve
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this problem, a binary underlayer was inserted under each layer to reduce the strain

propagation along the vertical direction.

3.1.3 Insertion of GaP underlayer

Acting as a tensile strain layer, the binary compound GaP used as an underlayer has
been shown to compensate the accumulated compressive strain in a stack and provides a
smooth surface for dot formation due to suppression of As/P exchange processes [74, 75,
76, 77, 70]. This results in the suppression of size expansion of dots throughout the layers
as can be seen in the TEM pictures taken by Wasilewski et al. [71] (see figure 3.6). This
causes the blueshifting of the PL as the QDs grown in the stack are smaller. At room
temperature, figure 3.8 shows that the insertion of GaP in the QD stack structure reduced
the FWHM from 250 (5 layers without GaP) to 160 nm (8 layers with GaP underlayer),
a value much closer to the FWHM of a single layer, 145 nm. This drop is even bigger in
the case of measurements taken at 6K, confirming that inhomogeneous size broadening
is suppressed. Furthermore, emission of the sample with the strain compensating layer
is blueshifted due to reduction of the As/P exchange, which can lead to formation of
alloys [78, 79]. It has also been suggested that group V and III interdiffusion reduces
the strain (hence the lattice parameter) in the QDs, blueshifting the luminescence [70].
Moreover, the insertion of the GaP tensile underlayer reduces the overall compressive
strain, blueshifting the emission of the QD stack. Thus, with the suppression of IB, the
introduction of GaP allows the growth of a high gain stacked structure for laser devices.
In the next section, we will see that the QD stacking period modification could be used

to achieve polarization independent devices.

3.2 Polarization-photoluminescence of QDs

Polarization independent devices are of critical importance in fiber-based telecommuni-
cations to avoid signal distortion during amplification of signal. Using strain bandgap
engineering of QWs operating in the 1.3 ym and 1.5 ym range, it was shown that the
heavy-hole (HH) and light-hole (LH) characters of QW hole states can be balanced to
reach polarization independent devices, such as QW SOAs [80, 81]. However, as self-
assembled QDs are based on strain driven growth, the same kind of strain bandgap

engineering cannot directly be applied to QDs. For instance, tensile strain is used in
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QW amplifiers [82] to reach polarization independence, a technique which would be dif-
ficult to transfer to the growth of QDs in a stacked structure. This is the main reason
demonstration of polarization insensitive QD devices, such as lasers, VCSELS and SOAs
is still a challenge. Furthermore, as laser ridge devices provide edge emission, truncated
dot lenses have a flattened shape with a very high degree of anisotropy (4 nm of thick-
ness by 30 nm of diameter) [62], resulting in an intrinsically high DOP. A few alternative
methods have been suggested to obtain polarization insensitive InAs/InP QD devices,
such as vertical cavity surface emitting lasers (VCSELs) [83, 84|, composition modulated
capping layers [85] and tuning of the number of QD layers in the stacks, allowing vertical
coupling of the dots so that the electron wavefunction can achieve a more symmetrical
shape [86, 87]. 8k - p calculations [48, 59] for pyramidal shaped InAs/GaAs have already
predicted that a low dot period can modify the polarization properties of the QDs, as
the reduction of biaxial strain brings the LH closer to the HH band and can increase the
LH contribution from 5% for a single dot to 20-30%.
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3.2.1 Polarization-photoluminescence setup

To account for QD anisotropy as revealed by the TEM surface pictures (figure 3.2), pla-
nar and edge detection geometries were used. This provided information on the effect of
dot anisotropy and interdot coupling on the QD wavefunction shape. Planar propagation
measurements are classified into two categories : photons emitted perpendicular to the
short axis (SA) or to the long axis (LA) of the QDs (see inset of figure 3.10). The other
conventional case is surface propagation where photons are emitted normal to the sample
surface. All the measurements for the Pol-PL study were carried at room temperature
as the samples are intended for future ridge lasers. Figure 3.9 shows how all the different
geometries are achieved in the experimental setup. First, path 1 is used for SA edge
emission study with the sample configuration represented on the left. LA configuration
is achieved by rotating the sample. For surface emission study, the excitation path is
changed to path 2 and sample was rotated according to the right hand side of the sample
configuration shown in (see figure 3.9). The emitted light was collected and collimated
using a microscope objective and a standard plano-convex lens for planar and surface
propagation respectively. The captured light was analyzed with a half-waveplate in front
of a fixed polarizer and the transmitted signal was fed to the input port of a Bruker V80
FTIR spectrometer with a CaF2 beamsplitter and an extended InGaAs detector.

Contrarily to the PL setup, this setup uses a different exciting and collecting lens
so signal collection is much more difficult. To solve this problem, an He-Ne laser was
inserted into the detection axis of the FTIR by adjusting the He-Ne laser path through a
set of pinholes and sent up stream to the sample surface so that the detection axis could
be reproduced. That spot could then be aligned with the excitation spot for optimal
signal collection. The 20X microscope lens with a numerical aperture of N.A.=0.4 used
for detection had to be carefully placed, as two sample regions emitted light from the
edge of the sample. One very bright emission spot located near the surface of the sample
is associated with direct emission from the dots and the other weaker spot lies deeper in
the sample. As the latter region shows no polarization dependence, it is linked with signal
coming from total internal reflection in the sample, during which polarization information
is lost. The microscope lens position was then placed to get the maximal signal from the
upper emission spot. Moreover, this setup configuration is used as insertion of a beam
splitter into the detection axis of the FTIR is avoided, which would modify the collected
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polarization. For both top and edge Pol-PL measurements, the top excitation was chosen
to inject carriers into the biggest number of dots possible. To get information on the
polarization of emitted photons, a half-waveplate is rotated in front of a fixed polarizer,
which eliminates detector’s dependence on polarization. Excitation is kept low such that
only ground state emission is collected. Ground state peak maximal intensity is then
recorded for half-waveplate angle between 0 and 180 degrees to make polar plots. Then
the DOP, as defined in the theory section 2.5

Imaz - Imin
DOP = ——— .
O Imax + Imm (3 1)

was extracted from the polar plots.

3.2.2 Effect of stack period
Samples

All samples used for stacking period study consist of a stack of four InAs QD layers as
described in section 3.1.2, but without a p-n junction and any kind of nanofabrication.
Each QD layer includes a GaP underlayer (1 monolayer) and a double capping technique
was used. For the study of edge polarization, a series of four samples were grown with
dot periodicity of 30 nm, 17 nm, 9.1 nm and 5.1 nm. PL and Pol-PL were then conducted

on the samples to measure the effect of periodicity on the polarization.

Results

First the standard PL was investigated for the different geometries. Figure 3.10 shows
the GS spectrum of the multilayer samples as obtained without polarization analysis for
(a) edge emission and (b) surface emission. Note again that carriers are injected non-
resonantly in the QDs, as the excitation energy is higher than the QD emission energy.
Due to numerous relaxation events taking place between the carrier excitation and the
emission, the polarization information related to the excitation source is lost. Therefore,
the results presented are independent of the Nd : YV Oy vertical polarization state. Only
the edge emission spectra for SA emission is shown in (a) as the emission spectra for the
LA and SA geometry are the same once normalized. All samples show peak emission
around 1550 nm with some variations within growth reproducibility. The main difference

between the samples is the wider linewidth for the 5.1 nm period sample. This can be



InAs/InP quantum dot devices in the 1550 nm range 46

1.4 {—5.1nm

124 9.1nm
17nm

1.04

0.8 4 30nm

a)

Figure 3.10: Short axis (SA)
edge emission (a) and surface
emission (b) spectra for dif-
ferent stacking periods. LA

PL intensity (a.u.)

941 SW @ 5320 H L emission is the same as SA.
129 (o5 dcm™ Inset : Excitation and de-
:):g: 10 scans tection configuration, arrows
0.6 representing impinging laser

b) and red cones the emitted

0.0 == ' ‘ ' S light. A low excitation power
1200 1300 1400 1500 1600 1700 1800 1900 is used so that emission is
Wavelength (nm) kept in the GS.

explained either by the QDs progressive enlargement from one layer to the next due to
strain propagation and by coupling between the electronic states of adjacent QD layers.
This ambiguity supports the need for polarization measurements, sensitive to coupling,
QD shape and strain distribution.

The result for the Pol-PL study with varying stack period is shown in figure 3.11. In
(a), the SA geometry is shown, where 0 degrees (90 degrees) designate light polarization
along the short axis (growth axis) of the QDs. As the layers are brought closer, SA DOP
decreases from 80% to 40%. Neglecting changes in LH-HH mixing, the DOP is repre-
sentative of the wavefunction symmetry, where elongation of the wavefunction in one
direction will result in a bigger dipole strength so that photons are preferably polarized
in the elongation direction. This assumption can be justified by the 8% - p calculations on
InAs/GaAs QDs, which have already proven that the LH-HH wavefunction proportion
changes mostly for dot periods below 5 nm, so for the 30 nm to 5 nm period range the
HH-LH splitting remains high [48]. For the samples under study, even in the SA geom-
etry the aspect ratio (QD width/thickness) is very high (~25 nm/~4 nm), hence the
almost perfect TE polarization of the uncoupled layers (single layer and 30 nm period).
A significant decrease in the DOP is obtained mainly for the 5.1 nm period sample,
suggesting that electronic coupling causes the wavefunction to become more symmetric.
Furthermore, the theoretical model introduced in section 2.5 suggests that the decrease
of SA DOP is related to an enhanced LH behavior for smaller interdot periods. One

might expect the same argument to apply for the LA measurement geometry, however
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no change in DOP was observed in that case (figure 3.11(c)). This discards the hypothesis
of an increased LH behavior, as the LA and SA geometries would be affected in the same
way. Insight on that unexpected behavior is revealed by the polarization dependence of
the surface emission, shown in figure 3.11(b). Results show that QDs are anisotropic,
elongated along [110] with an aspect ratio of ~1.5 [88] and that layer period reduction
results in an increase of surface DOP, from 15% to 40%. This is also corroborated by our
basic theoretical model, which predicts that most of the in-plane polarization anisotropy
is caused by elongation of the QD. Intrinsic elongation of SA QDs is a well known phe-
nomena and was observed on the SEM pictures (figure 3.2) [69]. As was discussed in the
polarization PL section 2.5, increase in surface DOP suggests an effective QD in-plane
wavefunction elongation as interlayer distance reduces, from aspect ratio ~1.5 to ~2 [88].
Therefore, in the LA geometry, the decrease in wavefunction aspect ratio due to vertical
coupling as the stacking period is reduced is counteracted by an effective elongation of
the QDs, thus resulting in an unchanged LA DOP. DOP results for LA, SA and surface
geometry are summarized in figure 3.11 (c), where open symbols representing single layer

measurements are shown for comparison.

The above results highlight the importance of obtaining cylindrically symmetric QDs,
as the shape anisotropy is detrimental to both planar and surface propagating devices.
For surface propagating devices, such as VCSELSs, it is obvious that symmetrical QDs
(parameter o« = 1) would remove the polarization dependence. For planar devices, the
difficulties are highlighted if one considers the example of a ridge QD laser. Best coupling
to the ridge modes is achieved by aligning the ridge perpendicular to the elongation of
the QDs (LA geometry), in our case in the [110] direction. However, to achieve polariza-
tion insensitivity in ridge QD lasers or SOAs, one would have to use the SA geometry.
This was shown to lead to a loss in the TE mode oscillator strength and therefore loss

in device performance [89].

To solve the QD asymmetry, we remark that formation of terraces on miscut sub-
strates of GaAs have already proven higher dot density growth and smaller dot size
distribution due to the suppression of adatom diffusion between dots separated by the
terraces [90, 91]. We apply this strategy to our QDs grown on InP, where a replica of the
four QD layer sample with a stacking period of 17 nm was grown on a 2 degree miscut

substrate. Comparison of the polarization dependence of the surface emission for both
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samples is shown in figure 3.12. An almost isotropic polarization emission is achieved,
as the DOP was reduced from 10% for the (001) substrate to almost 0% for the miscut
substrate, indicating that terraces eliminate the natural elongation of QDs along [110].
According to the simple model introduced in section 2.5, the dots formed are isotropic
with anisotropy ratio o = 1 and the neglected mixing term in the theory is pretty small,
as the DOP is very close to 0%. The suppression of the in-plane elongation, which was
detrimental to the control of the polarization properties in the planar geometry, could
result in a change of DOP for the LA geometry as well. The use of a miscut substrate
could then allow close stacking of layers in a ridge laser without any performance degra-
dation. Moreover, in-plane isotropic QDs are very desirable for VCSELs, but these suffer

from lower gain pass compared to side emitting QD lasers.

Although complete isotropic polarization for planar propagation devices isn’t achieved,
further reducing the stacking period, increasing the number of layers or intermixing of
the stacked structure should lead to further improvements. By careful control of these
techniques, one could achieve polarization insensitivity for both planar and surface prop-

agating QD devices emitting in the telecommunication wavelength range.
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Figure 3.13: Annealing temperature effect on (a) surface polarization (b) all detection
configurations for a single QD layer.

3.2.3 Effect of rapid thermal annealing on polarization

Interdiffusion was already used to fine tune achieve the LH HH band merging (degen-
erate LH HH bands) in tensile strained QWs [92]. For non-tensile strained QWs, the
interdiffusion of group V species has been shown to induce tensile strain in InGaAs/InP
[93] multilayered QW lasers for the 1.55 pm range, thus providing an easy way to achieve
polarization independence. Thus, relief of strain in QDs could result in a lower split-
ting between the LH and HH bands, thereby reducing the polarization dependence of
the device. With this in mind, we studied the polarization properties of annealed single
layer QD samples introduced in section 3.1.2. Surface DOP taken as a function of RTA
temperature as shown in figure 3.13 (a) grows from 13 to 20%, which could be related to
a slight dot elongation. Edge Pol-PL was also carried by collecting the intensities for the
TE (TM) modes to quantify the effect of annealing temperature on the DOP. Collected
edge signal was very weak due to experiment configuration and low gain provided by
the single QD layer samples. Furthermore, PL intensity decreased with increasing an-
nealing temperature due to increasing number of non-radiative recombinations. Figure
3.13 (b) summarizes the results for all the detection geometries. For LA geometry, RTA
temperature has very little effect on DOP, but SA DOP follows a steep increase from
30 to 80% roughly. This result is quite unexpected, as a single layer of QDs has a DOP
around 80%, as presented for single layer measurements in figure 3.11 (c). Because of
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this discrepancy, underlying processes for the increase in surface DOP aren’t understood
and inconclusive, in major part because a very low signal collected at room temperature.
However, use of annealing on stacks of quantum dots instead of single layers could lead
to enhanced signal and would probably modify further the results. It has been demon-
strated that high temperature annealing on a threefold stack of InP dots in GalnP [94]
resulted in merging of dots in the vertical direction. This would result in lower edge

shape anisotropy ratio and therefore lower DOP of stacks.

We have proposed a few alternatives to strain engineering of QQDs, namely the use
of a high number of closely stacked layers and intermixing in a stacked structure to
achieve polarization independence of QD SOAs. In the next chapter, we investigate the
improvement of telecommunication lasers performances caused by the insertion of the
GaP strain compensating underlayer.
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3.3 Laser performances

In section 3.1.3 stacks of QDs were optimized to provide very high gain for a laser
structure. In this section, we use the advantages of QDs as stated in chapter 1 to make
a 1.55 um QD telecommunications laser superior to its QW equivalent laser, showing
reduced threshold current, higher efficiency and larger bandwidth. Thus, this section
provides an analysis of the QD lasers performances by introducing quantities derived
in the book by Coldren and Corzine [95] and summarized in the application notes of
Newport [96]. The most important milestone in QD laser development presented here
is the insertion of a GaP underlayer, which was shown in section 3.1.3 to greatly reduce
the FWHM of the PL stack. As shown below, the insertion of the binary layer results
into a higher gain structure, translating into a significantly lower threshold current and
enhanced efficiency. This section closes the gap between the core QD stack properties as

revealed by PL and the actual improvement of the laser devices.

3.3.1 Laser structure for semiconductor lasers

The PL presented in section 3.1.2 originates from spontaneous emission, photons emit-
ted randomly in space and time without phase coherence. On the other hand, in a laser

photons preserve phase coherence because they originate from stimulated emission. A
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laser is made of two main components : a gain medium (a QD stack in this case) and
a resonant cavity. The gain medium must be able to sustain steady-state, meaning that
the number of injected carriers must be equal to or exceed the number of emitted photons
(4 > 0) to provide continuous operation of the laser. The resonant cavity confines some
of the emitted photons (as the as-cleaved cavity mirrors are 30% reflective) so they can
stimulate emission of other photons, preserving their phase coherence and resulting into

the amplification of light in an avalanche like process.

In section 3.1, carriers were injected into the QDs optically for PL. This way of pump-
ing carriers isn’t very handy as it requires roomy lasers when compared to most electronic
components. To create very compact lasers, carriers are injected in semiconductor lasers
by the p-n junction, made by doping the InP capping layers of the previously introduced
structure. By applying a bias voltage on the junction, the number of carriers injected
into the dots can be changed, effectively tuning the number of excitonic recombinations
contributing to emission. The resulting signal from the laser is called electrolumines-
cence (EL) in contrast to photoluminescence. The edge representation of the structure
formed is presented in figure 3.14 (b). The resonant cavity confines the photons in the
plane and growth direction of the dots : in the plane, the interface between the InGaAsP
waveguiding core and the air acts as effective mirrors with a =30% reflectivity. In the
vertical direction, light guiding is achieved by the interface between InGaAsP and InP. A
higher reflectivity coating (R~ 90%) can be applied on the facets of the laser to achieve
bigger light confinement, lowering the threshold current, but all the results presented
here are as-cleaved samples for fabrication simplicity. The planar confinement provided
by the laser facets and waveguiding core creates a broad area laser sustaining multiple
laser modes, but for most of the applications single mode operation is needed for low
laser beam dispersion. To achieve single mode operation, additional confinement in the
lateral direction is provided by a waveguide etched on the top of the structure. The ridge
created confines light, as the tail of the waveguiding mode feels the difference of index

of refraction between the ridge and air, reflecting the mode back in the cavity.

Figure 3.15 shows the actual ridge laser devices from (a) top and (b) side. The elec-
trical contacts are formed by Ti/Pt/Au layers of 25 nm / 55 nm / 1000 nm respectively
in order to allow electrical injection from the p side of the structure. The thin vertical

lines in (a) are the ridges of each laser and are linked to contact pads for easy electrode
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Figure 3.15: Top and side view of a QD ridge laser

contact. Current injected into the device comes only from the top of the ridge, the other
surfaces being covered with a thin layer of oxide, hence QDs contributing to lasing are
directly under the ridge (neglecting current spreading). The size of the opening in the
oxide, changing from one device to the other can, to some extent, change the density of

carriers injected and impact the threshold current of the laser device.

Early in the development of QD lasers, gain saturation was a great concern due to
the limited DOS provided by QDs as compared to QW, which have a continuum of states
available. The problem is that if the gain provided by the completely filled QDs is lower

than the losses of the laser, lasing is impossible ! The QD gain is expressed as

Jop — Jo

G — sat
op =G 7

(3.2)
where the saturated gain G** can be expressed in function of the IB, G*** = const ngp/A,
A being the energy width of the density of states (also a measure of the size distribution)
and ngp is the density of QD [97]. G** can be pictured as a maximum boundary on the
QD gain, Ggp. Jo, the transparency current, is a measure of the quality of the semicon-
ductor material used and represents the threshold current density for an infinitely long

device without mirrors losses.

In a completely filled GS QD ensemble, each QD is constantly filled by two electrons
in the GS, so that Jgp = 2Jy. In that case, GYP = G*% and the gain is saturated. If G***

is lower than the losses of the laser, then lasing cannot occur. One can see that in order
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Figure 3.16: Setup for LIV and spectral measurements

to avoid gain saturation, the density of QDs ngp (DOS energy width) has to be as big
(small) as possible. Use of stacks in laser structures is an easy way to achieve high QD
densities, but the QDs must have minimal broadening, as discussed in section 3.1.2. The
insertion of GaP allowed us to achieve high dot densities while keeping the broadening
to a lower value so that gain saturation is of little concern in results presented below.
Even with the underlayer, residual strain propagating through the stack causes the IB to
grow with the number of QD layers in the stacks. In our case, 4 layers provided optimal

laser performance.

3.3.2 Lasers setup

An important figure of merit of a laser is its threshold current (), the current at which
the lasing is achieved. Most semiconductor lasers are based on layer stacks of have
different ridge lengths/widths, so the threshold current density Ji, = —1\%‘- is presented
here to ease the device comparison, where N is the number of layers and A the area of
the ridge. Threshold current is measured by taking Power vs Current or Voltage (LIV)
curves on a typical diode testing setup as represented in figure 3.16. The ridge laser
is placed on a submount to allow efficient heat transfer between the laser device and
the Peltier cooler, placed underneath the sample to keep its temperature at 20°C. Three
probes are needed : one for current injection, one for the voltage reading and one for the

ground. Electrical injection is usually done with constant current (CW), but can also
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Figure 3.17: Electrical circuit for laser measurements

be done with pulsed current injection. For pulsed measurements, impedance matching
between the sample and the current probe is required, so a 50 {2 resistance matching the
current source impedance is introduced between the current and ground probe (see figure
3.17). To measure the power emitted, a Germanium detector hooked to a voltmeter is
placed on the cleaved side to collect emitted laser light. For the spectral measurements,
a rounded tip fiber was coupled to the ridge and the signal was analyzed by an OSA.

3.3.3 Ridge lasers
Initial QD laser

To compare adequately our QD laser with commercial QW lasers used in telecomm, a
five staked InGaAsP QW (06-069) reference laser was grown at NRC in 2006 for refer-
ence. The performances of the QW laser are Jy, = 2004/cm? and an external efficiency
of ng = 28% for a 3 um wide x 1 mm long device. For the QD laser (06-070), the
structure was exactly the same as 06-069 with its QWs replaced by QDs, without a
GaP strain compensating underlayer (see appendix A.3). Figure 3.18 shows that the
QD performances obtained are inferior, mainly due to QD inhomogeneous broadening
in the stacked structure, as discussed in section 3.1.2. To solve this problem, a GaP
underlayer was inserted, doping tuned and core widened to allow better confinement.
This dramatically increased the performances of the QD laser structure (see figure 3.18),

so that most recent QD lasers presented here have better efficiencies and threshold cur-
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Figure 3.18: LI curves for the initial QW, QD and best QD laser

rent densities than the QW reference laser, making them extremely good candidates for
telecommunication applications. Note that subsequent results will be for laser structures
with GaP underlayer unless stated otherwise. A summary of laser structures used in
this thesis is presented in appendix A. Shortly, the main structures are : 07-031, a five
InAs/InGaAsP QD layer stack emitting at 1630 nm, 08-022 same structure as 07-031
with a GaP underlayer and double cap technique emitting at 1600 nm, 08-081 is a repeat
of 08-022 with a double cap adjusted for emission at 1550 nm and 08-148 is a threefold
stack with a larger waveguiding core at 1520 nm.

Power characteristics

Figure 3.19 shows the LIV curves obtained for a 3 layer stack of QDs. Note that this
sample is chosen for its performance reproducibility and to show that by increasing
the waveguiding core thickness and optimizing the p-n junction doping, performances
similar to the 5 layer stack can be obtained. In a typical laser LI curve, power emitted
is negligible before Iy as it comes mainly from spontaneous emission and post threshold
the diode behavior is associated with stimulated emission. Iy is found by taking the
linear fit x-intercept of the lasing part of the curve. Alternatively, it can be computed
by the maximum of the curve’s second derivative [95]. The slope of the linear fit also

provides an important quantity, the external efficiency (74) of the laser. In an ideal laser,
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Figure 3.19: Typical LIV curves in duty cycle (1us 1%) (left) and CW (right) (sample
08-148). The dotted lines represent the voltage against the current.

the injection of one electron would result in the emission of one photon, yielding a 100%
external efficiency. Accordingly, the slope of the LI curve can be expressed in function
of the number of injected carriers and their energy [96] :

AP hv  hc

EY i 9
where q is the charge of the electrons injected and X is the wavelength of the emitted
photons. The left part of equation 3.3 is measured experimentally, representing the
power of emitted photons in function of the current. Over the same time scale, the right
part corresponds to the ”theoretical limit”, where one electron of charge q leads to the
emission of one photon of energy hc/A. The external efficiency can then be expressed as

the ratio of the actual output over the ”theoretical limit” as the external efficiency :

AP

Ng = % = slope of LI curve - A (3.4)
)‘—q hC

C-band photons being emitted at 1.55 um, the external efficiency is obtained by multi-
plying the slope of the LI curve (in A/W) by % ~ 2.5.

Applying these basic concepts to the laser device, we measure in figure 3.19 (a) I;,=44
mA (Jy, = 590A/cm?), 46.6% efficiency in duty cycle and 55 mW @ 500 mA maximum

power emitted by a single facet for the 1 mm x 2.5 um device. Efficiency is much higher
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Figure 3.20: Temperature characteristics of QD lasers (08-148)

than the QW equivalent (46.6% vs 28%), but the threshold current is 50% higher. The
high I, value has been addressed in the other devices by including five layers instead of
three, so higher density of states are available for emission. Still the inferior threshold
current is surprising considering the theoretical predictions of section 1.1. This can
be explained by the infinite QW theoretical assumption and the finite area covered by
QDs in a device as compared to QW lasers. Figure 3.19 also shows that measurements
done over various ridge widths achieve good reproducibility between laser bars of same
dimensions. Performances in CW are quite comparable to duty cycle measurements,
except for the maximum power output, which is limited to 28 mW by the ‘rollover’ of
the LI curve related to the thermal effects. Heating of the device can be lessened by
reducing the contacts resistivity through appropriate p-n junction doping. This brings

us to the effects of temperature on device performance.

Temperature characteristics

Temperature affects the material properties of QDs in various ways : the bandgap energy
reduces (peak wavelength increases) due to the lattice dilatation of the structure [98] and
phonon interactions lead to parasitic recombinations outside of the dots as free carriers
are created in the waveguiding layer of InGaAsP or in the wetting layer of the dots [99] or
captured by traps [100]. Furthermore, enhanced phonon-carrier interactions increase the

probability of excitation into higher energy levels or even into the waveguiding substance
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(see figure 3.21 (a)). This loss of carriers results in an increase of Jy,, which is quantified
by the characteristic temperature Ty. Hence, T is a measure of the independence of the
threshold current over the temperature, given by

Jg = Joet/To (3.5)
AT

To = — 3.6

N (3:6)

So Ty is given by the inverse slope of In(J) in function of temperature. On the other
hand, temperature limits the power emitted, lowering the external efficiency. Analogous

to To, T7 is the dependence of the efficiency on the temperature as

N = nNae /T (3.7)
AT

= — 8

T = Rl (38)

Although due to the discrete DOS, the theoretical performance of QD lasers is sup-
posed to be independent of the temperature, in the case AE > k,T, where AFE is the
shell energy spacing and k7" is the thermal energy, figure 3.20 (a) shows that higher tem-
peratures shift the LI curves to higher currents and the rollover limits the total power
output. From these measurements, the extracted temperature Ty is 59°C (figure 3.20
(b)), which is in the range of usual characteristic temperatures for QD lasers at RT [101]
and 77 is 160°C. The discrepancy between the measured Ty and the very high Tj pre-
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Figure 3.22: Electroluminescence of a 2.5 ym x 1 mm laser diode (08-022, in pink)
compared to the edge GS PL from a four layer stack (07-094, in black). The laser emits
in the GS.

dicted by theory is caused by the fact that AE =~ kT (50 meV vs 30 meV). The quest
for an infinite Ty lead to the use of other structures, namely dot in a well (DWELL),
tunneling injection and quantum dashes, as will be investigated in section 3.3.4. As is
expected from the discrete DOS of QDs, the FWHM does not increase with temperature,
contrarily to QWs. However, the PL intensity and thus lasing power is dropped because
of carrier redistribution outside of the QDs, as can be seen by PL temperature dependent
measurements. In the next section, we switch from PL to electroluminescence (EL) to

analyze the spectral properties of the QD laser and verify that the laser is lasing in its
GS @ 1550 nm.

Spectral characteristics

As the lasers studied in this thesis are intended for the L and C bands of telecommunica-
tions, spectral analysis of the EL is essential. In order to get maximal performance, the
laser diode must operate in the QD GS, as population inversion in ES is much harder
to achieve. The latter statement holds if the gain provided by the GS is higher than the
laser losses. Figure 3.22 confirms that the laser is lasing in the QD GS indeed. The dou-
ble capping technique allows the control of the QD height very precisely, so that the QD
GS emitting wavelength can be tuned. As the QD confinement in the vertical direction
is much bigger than in plane, tuning of the QD height is the best way to change the QD
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Figure 3.23: (a) Redshifting of emission with device length (08-081) and (inset) Fabry-
Perot oscillations. (b) Broadening of emission with increasing injection current (08-022).

energy levels. This is shown by the dependence in 1/12 of the ‘vertical QW’ energy levels
in equation 2.7. In addition to growth techniques such as double capping, the length of
the laser devices can be tuned to achieve emission in the telecommunications ranges. The
emission can be redshifted by using a longer laser diode length, which causes a decrease
in facet losses, so that the gain needed to achieve lasing is lower [102]. As shown in figure
3.21 (a), the DOS (and therefore the gain) is smaller at lower emission energies (longer

wavelength) and lasing threshold is achieved at longer wavelength for longer devices.

In the optic of developing multi-wavelength lasers (MWL) applications, the number
of channels emitting over a certain wavelength range has to be as high as possible.
Two avenues can be considered : provide a higher bandwidth, or reduce Fabry-Perot
intermode separation. The latter can be changed by increasing the laser diode length,
as the spacing between the emitted Fabry-Perot modes is A\ = ,_;3‘:—]: ~ 0.25 nm, where
A is the intermode separation, L is the length of the device and n is the refractive
index. By increasing the length, the mode spacing is reduced so the number of modes
included in the emission peak increases. The other way to provide high bandwidth for
MWL uses a very undesirable property of QD ensembles, inhomogeneous size broadening,
often synonym of performance loss in the last sections. Figure 3.23 (b) shows that by

increasing the injection current higher than I, the EL bandwidth widens because of
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Figure 3.24: Laser characteristics in function of length of device (08-081)

increasing number of QD families with a gain higher than laser losses. This creates a
dip at 1530 nm, separating the different families at higher current. By pumping the QD
laser even harder, the FWHM can be increased further. These techniques have already

lead to emission of over 90 channels in the C and L bands from a single device [38§].

Effect of device length on performance

In a longer laser diode, the photons confined travel more distance before exiting the laser,
so a lower number of photons are extracted from the device per unit time, resulting in
a lower efficiency and lower threshold current density (higher threshold current). Due
to lower photon device extraction in long cavities, the external efficiency drops. The

relationship between 7, and the cavity length (L) is given by [96] :
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Figure 3.25: Inverse of external efficiency in function of device length to find the internal
efficiency and losses of the laser (08-081).

where 7; is the internal efficiency, «; are the internal losses and R is the reflectivity of
the facets. The slope of 77_1d vs L therefore gives information on the internal losses and the
intercept gives the inverse value of 7;. In figure 3.24, increasing the device length results
into a drop of the efficiency because of the lower photons extraction from the device per

unit time. Parameters introduced in equation 3.9 will be quantified below for our device.

Other characteristics

More interestingly, cleaving several lasers at different cavity lengths and measuring 1/74
as a function of L, one can obtain a measurement of the internal efficiency 7; and internal
losses «; as shown by eqﬁation 3.9. That study was done with the five stack laser
material (08-081), which is currently among our best devices. Results are presented in
figure 3.25. The data for the 0.5 mm device was neglected because of increased thermal
effects which affect the slope of the LI curve, leading to a ‘wrong value’ of the external
efficiency. For the 3 um wide device, the internal efficiency 7; is 80% and internal losses
are o; = 6.5 cm™! as deducted from equation 3.9. This value is in the range of internal
losses values for QW 1.55 um lasers [103, 104, 105].

Laser polarization

The polarization properties of a stack of quantum dots was investigated in chapter 3.2

without actual insertion in a ridge structure. As the waveguiding region of the laser
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Figure 3.26: Polar plot of the polarization amplitude of a single mode ridge laser. Emis-
sion is TE polarized, aligned in the plane of the ridge laser structure drawn in gray
(08-081).

structure is elongated in the plane direction, roughly 10 times wider than in the vertical
direction (3 ym vs 0.4 pm) as shown in figure 3.14, the optical field from a ridge device
is strongly elongated in the plane (see figure 3.26). Moreover, as most of the emission
from the QDs comes from the conduction band to HH transition (considering only the
ground state), the emission is strongly TE polarized, as was demonstrated in section 2.5.
However, polarization independence is most important for SOAs as opposed to lasers,
because the random laser polarization impinging on a SOA has to be amplified the same

way to avoid signal distortion.

3.3.4 Other laser structures

Following previous measurements, a few attempts to modify the laser designs were made
to improve its performances. This section is included to stress that the insertion of
GaP underlayer wasn’t our first attempt at improving the laser performances (L, 74,
To) and to show which QD laser structures were tested. First, a tunneling injection
laser [106, 107] was fabricated in the hope to increase T,. The structure is made by
growing a QW, which has a higher DOS, next to the QDs to act as a carrier reservoir.
Then, the QW GS is tailored to achieve tunneling resonance with the QD GS. That
way, most of the injected electrons are forced to tunnel in the QQDs, thereby reducing

the number of recombinations occurring in the optical confinement layer. Other groups
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Figure 3.27: (a) Other laser structures LI curves (b) Summary of the efficiency in function
of threshold current in duty cycle of QD lasers grown since 2006

have increased Ty to 363K [108] for a InGaAs/GaAs tunneling injection laser. In our
case, the threshold current and efficiency performances of our GaP underlayer sample
were decreased by this technique, probably because the GS wasn’t exactly lined up, so
this approach was discarded. Originally used to shift the emission of InAs/GaAs QDs
to 1.3 pum [109], the dot in a well (DWELL) growth technique was used to ensure fast
carrier relaxation to the dots [110]. By embedding the dots in a QW, the carriers are
brought closer to the dots and the high QW DOS provides a carrier reservoir for the dots.
This configuration is supposed to help the constant carrier filling of the dots, but in our
case the performances didn’t improve. Furthermore, the DWELL technique is quite
tricky as the QW changes the QD strain and growth dynamics, thereby affecting QD
density and redshifting emission. Lastly, QDs were grown as dashes (high anisotropy dots
a 2 10) [111] to provide higher carrier density of states and better laser ridge coupling,
by orienting the LA of the dashes perpendicular to the ridge. The threshold current
increased by 10%, but the external efficiency dropped to the QW value (28%), so finally
we sticked to the 4-5 stack of QD layers with GaP underlayer.

3.3.5 Performance summary

All theses trial and errors are represented in figure 3.27 (b), showing the external efficiency
in function of the threshold current for most of the produced devices since 2006, as

measured in duty cycle. The first sample numbers represent the year of the sample
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growth and as we get near 2009, lasers shift to the top left corner, to high 7, and low Iy,.
The latest devices have an efficiency close to 50% and a threshold current near 35 mA
(Jin = 230A/em?), clearly an upgrade from the quantum well laser structure originally

used and a very good candidate for telecommunications applications.



Chapter 4

InAs/GaAs quantum dot

superluminescent diodes

In the last chapters the discrete DOS and the wide emission provided by the IB of the QDs
allowed the development of high performance QD lasers for telecommunications to replace
existing QW devices. The IB is undesirable for lasers as it lowers its peak gain, but in
this chapter the IB is exploited in a beneficial way to provide high bandwidth incoherent
light emission. The device creating such emission is called superluminescent diode (SLD)
as it amplifies the spontaneous emission, in contrast to a laser, which amplifies the
stimulated emission. Lack of lasing is a desirable property in this section, as the intended
applications are for medical optical coherence tomography (OCT), notably skin cancer
detection. The low coherence of a SLD allows non-invasive imagery of biological tissues,
contrarily to X-rays [112], making the QD SLDs very attractive as OCT sources.

4.1 Optical Coherence Tomography

At its simplest form, OCT is based on a Michelson interferometer (see figure 4.1). The
source signal is split into a reference signal and a probing signal. The probing signal is
backreflected in the sample due to the difference of index of refraction. In the case of
cancer detection, the difference of index of refraction between the tumors and the healthy
tissues provide the contrast of the OCT image. Then, the reference and sample signals
recombine on the way to the photodetector, where the interference can be modified by

moving the reference mirror. The resulting interference patterns give information on the
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Figure 4.1: Michelson interferometer composed of an incoherent source, impinging on
a beam splitter (BS), which divides the signal between the oscillating mirror (reference
signal) and the sample. Both signals interfere when going to the photodetector, giving
the intensity in function of the mirror displacement, which can be related to the depth
of the sample.

sample’s depth profile and the depth resolution of OCT is given by [113]

)\2
R~ 0.44A—°A (4.1)

where A is the center wavelength and AX the FWHM of the source [114]. Thus, to get the
best resolution possible, one must provide the highest bandwidth possible. Furthermore,
due to water absorption and higher dispersion at long wavelengths, it was found [115]
that a broad spectrum in the near-infrared around 1 gym is optimal for depth resolution.
Considering these factors, GaAs/InAs QDs emitting around 1 um are ideal candidates
for high resolution OCT. These can achieve 80 nm bandwidth [116], but the output
power as presented below remains pretty small (<5 mW) compared to Ti:Sapphire laser
used for OCT with 20 mW output power and 176 nm FWHM [117]. Yet, a QD SLD is
very compact and only requires electrical injection, contrarily to optically pumped pulsed
Ti:Sapphire lasers.

The samples are four layers of InAs/GaAs QDs grown in a molecular beam epitaxy
(MBE) V80 chamber by Haffouz Soufien. Height of the quantum dots on each layer was
controlled by the Indium flush technique to achieve high FWHM. GaAs was used to cap
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Figure 4.2: SLD structure, the Al,Ga;_,As is a graded barrier with x : 0 — 0.4. The
height of QDs is controlled on purpose, from 2.8 nm to 6.5 nm.

the layers to get a 30 nm period and the layers were embedded in a waveguide of GaAs
[116]. The p-n junction was formed by Al 4GageAs barriers. More details on the sample
structure are presented in figure 4.2. As mentioned in the beginning of section 3.1, we
start with PL of the core QD layers to verify the bandwidth and the center wavelength

of the future devices emission to save processing time.

4.2 Photoluminescence of QDs

Non-resonant PL characterization was conducted on the samples to get an insight on the
emission bandwidth. Only the emission from the top of samples was collected and PL
was carried at liquid nitrogen temperature to compensate for big signal attenuation due
to a thick sample capping. On the left side of figure 4.3, PL of a single layer of dots
shows state filling as power is increased, indicating good QD density and the possibility
to achieve high FWHM by inclusion of the excited states in the emission as the device
injection current is increased. However, the increase of FWHM would be limited by the
limited number of states confined in the dots. On the right side, the emission bandwidth
is increased from 30 nm to 125 nm in the four QD layers stack, due to modification of
the QD height from layer to layer, from 2.8 nm to 6.5 nm as controlled by the GaAs
first cap [116]. The constant FWHM with power increase leads to the association of the
spectrum peaks with the GS transitions of each layer. Especially for SLDs, a flat profile
for the emission is desired [115] and can be obtained by tuning the height of the QDs on
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Figure 4.3: PL of InAs/GaAs QDs at liquid nitrogen temperature. Left : evidence of
state filling in a single layer of QDs. Right : FWHM enhancement by the use of four QD

layers

each layer in order to bring the gaussian peaks closer. The high bandwidth requirement

now being achieved, so the emitting stack can be used in a SLD to measure the emitted

power of the actual device.

4.3 Diode performance

Contrarily to previously introduced Fabry-Perot ridge lasers, an SLD must not provide
coherent emission, so the reflectivity caused by the as-cleaved facets has to be suppressed,
by the deposition of anti-reflectivity (AR) coatings. As for the telecommunications lasers,
a ridge is etched on the p-side of the laser structure and to guarantee lack of lasing, the
ridge was tilted with respect to device facets. Ridge tilting has already shown high power
emission, without the use of AR coatings [118]. Top figure 4.4 shows the LIV curve in
CW for a device with AR coatings and 8 degree tilt between the ridge and the facets. As
no lasing occurs, the total emitted power is way lower than for a laser, 0.35 mW @ 500
mA. This power limitation in CW is mainly due to the thermal rollover, as revealed by
the high voltage (2.5 V) and high resistivity of the sample. Furthermore, the setup be-
ing limited at 0.5 A, measurement of the maximal performance of the device is impossible.
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One way to increase the output power while eliminating the AR coatings is the use of
a tapered waveguide [119, 120]. By tilting the whole ridge by an angle «, the reflectivity
at the facets drops and the ridge aperture angle 8 allows the excitation of more QDs,
while reflecting the light propagating to one facet. This drastic change of ridge design
resulted in fourfold increase of the output power to 1.4 mW @ 500 mA (see bottom figure
4.4). The operating voltage remains pretty high though and must be lowered by tuning
the doping concentrations. To get a idea of the SLD performance without thermal effects,
pulsed measurements were conducted. Results are very promising, as the emitted power
reaches 2.5 mW and no sign of thermal rollover is present. Thus, we are on the way to
developing a high power device, but most importantly, the center emitting wavelength
must be at 1000 nm and bandwidth has to be as high as possible. Accordingly, EL
characterization of the devices was carried (figure 4.5) and reveals that the bandwidth
of the diode is increased from 44 nm to 84 nm @ 1100 nm by the use of a tapered ridge,
as can be seen on figure 4.5. This bandwidth increase results in a lower coherence length

and thus a higher depth resolution, as seen in equation 4.1.



Chapter 5
Conclusion

In this thesis, the QD advantages over other confined structures such as QWs, arising
from the energy level quantization, such as higher efficiency, lower temperature depen-
dence and higher emission bandwidth were applied to a wide range of applications. In
the telecommunications, multi-wavelength lasers, mode locked lasers and SOAs are a few
of the devices which performances can be improved by the use of QDs. In order to aim
the development of these devices, the optical properties of InAs/InP/InGaAsP quantum
dots were investigated to get insight on QD energy structure and morphology. Standard
photoluminescence was conducted on QD stacks to optimize the performances of QD
lasers. PL revealed that the FWHM of the emission is increased in a stack of QDs, an
indication of increased inhomogeneous broadening of the dots, which reduces the peak
gain of the laser. By inserting a tensile underlayer of GaP in the stack, the accumulated
compressive strain in the structure was decreased, resulting in a smaller QD size distri-
bution. This corrected the loss of peak gain by QD stacking and improved the density
of dots contributing to emission. The resulting device has a 45% external efficiency, 35
mA threshold current and 50 mW maximum output power, making it a very good QW
competitor. For semiconductor optical amplifiers, polarization resolved PL was needed
for the long term goal of developing a polarization insensitive SOA. Normally, edge emis-
sion of QD stacks is deeply TE polarized because of the highly anisotropic cross section
of QDs. As the play over the strain applied on QDs is limited because of the strain
driven growth of self-assembled QDs, coupling between the QD layers was studied to
amplify the TM mode contribution to achieve polarization independence. This was done
by varying the dot period of a fourfold stack from 30 nm to 5 nm. It was found that
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coupling between the layers combined with QD wavefunction elongation dropped the
degree of polarization of the edge emission from 80% to 40% for the 5 nm period with
the short axis of the dots facing emission. Pol-PL from the top of a stack of QDs grown
on a miscut substrate revealed that circular dots can be grown. Combined with an in-
creased number of closely stacked QD layers (over five), this suggests that a polarization
insensitive SOA could be fabricated. As an alternative way of controlling polarization,
polarization PL was done on single QDs layers thermal annealed from 625 °Cto 700 °C.
However, the observed dot shape modification or composition change didn’t translate
into clear modification of the polarization properties. To provide a way of fine tuning
the polarization properties of QD stacks, RTA on closely stacked QDs still needs to be
investigated. Furthermore, the fundamental processes responsible for coupling between
the dots and the modeling of the dot anisotropy, composition effect, strain on the edge
polarization PL are needed for a deeper understanding of polarization properties of dots.
Lastly, the inhomogeneous broadening caused by the QD stacking was used as a desir-
able characteristic for superluminescent diodes. These devices require high non-lasing
bandwidth and high power output for optical coherence tomography in order to get high
depth resolution. Standard PL was conducted on stacks of InAs/GaAs QDs where the
QD height distribution throughout the layers was varied on purpose by the Indium flush
technique. The PL measurements carried show bigger than 100 nm emission bandwidth
and the inclusion of the stack in a tapered ridge device results in the increase from 44
nm bandwidth to 84 nm. Combined with high power output, the compact QD SLDs are

a very promising alternative to conventional pulsed lasers used in medecine.



Appendix A

Additional information

A.1 PL instruments

Light sources

Detectors

YVO, @ 532 nm :

e Spectra-Physics Millenia V

e Maximum power : 5W
He-Ne @ 632.8nm :

o Melles-Griot

e Maximum power : 0.01W
Ti-Saph :

e Spectra-Physics 3900S

e Wavelength : 700-1120 nm

o Maximum power : 0.5W

FTIR :
e Bruker V80
e CaF2 beam splitter
e Extended InGaAs detector

— Operating temperature : RT
— Range : 12800-4500 cm ™! (780-2200 nm)
— Resolution : up to 0.07 em™!

— Sensitivity : NEP < 2 1071 W Hz1/2

Spectrometer :

Digikrom 240

Ge cooled photodiode

Range : 800-1800 nm

Double gratings 1200 or 600 grooves/mm
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A.2 Growth sheet

Material Ga | In | As P Time Temperature

1 [ InP 60 20 10min 500

20 2min 520

20 1min 520

2 | InGaAsP | 285 | 51 | 12.5 | 26.3 | 4min30s 520
Dot layer

3| GaP 28.5 26.3 6s 520

4 | InAs 64 | 40 8s 520

40 20s 520

5s 520

5 | InGaAsP | 285 | 51 | 12.5 | 26.3 8s 520

12.5 | 26.3 30s 520

6 | InGaAsP | 28.5 | 51 | 12.5 | 26.3 | 2min24s 520
End of dot laye

7 | InGaAsP | 285 | 51 | 12.5 | 26.3 | 2min6s 520

8 | InP 51 26.3 | 10min 520

Table A.1: Growth sheet for core QD stack
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A.3 Telecommunications lasers structures

1600 nm il il P p doped (Be) 1500 nm (i @i InP p doped (Be)

6nm 40 nm 92 nm
thick ~ 24 nm
24 nm
24 nm

24 nm
58 nm Ingo5Ga19.5AS40.5P59.5

InAs QDs
32 nm

Ingo.sGa19.5Ass0P20 QWs 32 nm
32 nm

32 nm

92 nm InGaAsP

+ 500 nm InP n doped (Si) + 500 nm.
=2266 nm =2312 nm

(a) QW laser 06-069 (b) QD laser 07-031
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Figure A.1: Main telecommunications laser structures
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