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Summary

In recent years the use of laser diodes has increased significantly in industry for material
processing applications. In particular this kind of devices, realized in I1I-V compounds
(InGaAs/AlGaAs) emitting around 920 nm, are commonly used to optically pump fiber
lasers. High-power laser diodes can reach several MW /cm? power densities at the semi-
reflecting mirrors of the optical cavity that, interacting with any defect on the facet itself,
can induce a positive feedback mechanism that leads to catastrophic optical mirror damage
(COMD). There are several approaches to increase the COMD threshold such as better
facet passivation and non-injected regions at the facets.

Since most high-power semiconductor laser diodes are realized with a quantum well
structure, it’s also possible to integrate non-absorbing mirrors (NAMs) by realizing post-
growth regions with larger bandgap thus reducing the absorption at the laser emission
wavelength. This can be done using quantum well intermixing which consists in the
introduction of defects, more specifically III-group vacancies, that induce compositional
disordering between quantum well barriers and well itself. This phenomenon can be
evaluated studying the photoluminescence (PL) wavelength shift with respect to the initial
quantum well.

The aim of this thesis was the investigation of quantum well intermixing in InGaAs/Al-
GaAs material, induced by impurity-free vacancy diffusion (IFVD) or impurity-induced
disordering (IID) techniques, while striving to maintain compatibility with the current
production process at the Turin facility of Prima Electro/Convergent Photonics. These
techniques have been studied in order to induce a spatially-selective compositional disor-
dering characterized by the maximum possible A\ in the NAM region and the minimum
possible change in the emission wavelength of the rest of the resonant cavity.

The IFVD approach is relatively simple since it only requires the deposition of dielectric
layers, in this work PECVD SiO5 and SizNy, to either enhance or suppress the intermixing
which is caused by the out-diffusion of Ga atoms from the substrate during annealing. The
IID approach, instead, requires a much more complex equipment since the disordering is
enhanced by ion implantation followed by the annealing.

A series of experiments was carried out on samples of 2cm? in order to determine the
optimal parameters for an eventual complete fabrication process. In particular the effect of
different dielectric materials and different annealing conditions has been studied. These
optimal process parameters have then been transferred to whole-wafer processes to evaluate
the effectiveness of NAMs during the diode operation, in particular from the yield of the
burn-in test.

A finite element model of the IFVD process has been developed coupling the vacancy
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generation and diffusion with the compositional disordering. Its results, in particular the
vacancy profiles, have been compared with simulations of the vacancies introduced by the
ITD process and used to evaluate the implantation and annealing conditions of an ongoing
experiment.
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Introduction

Nowadays high-power laser diodes are used in several applications where compact coherent
light sources with high efficiency and high optical power are required. In particular, devices
emitting in the 800 - 1000 nm region are used as optical pumping sources for solid state
fiber lasers that are widely used in industrial applications such as laser cutting, welding
and additive manufacturing.

The high-power laser diodes consist usually of a single GaAs or InGaAs quantum well
embedded into doped cladding layers of AlGaAs that act as waveguides for the vertical
confinement of the emitted photons. They also present a ridge structure for the optical
confinement in the horizontal direction, a 2 <+ 5 mm resonant cavity and electrical contacts
used for the current injection. These devices can emit around 15 W, which corresponds to
optical power densities exceeding 20 MW /cm? at the semi-reflecting facets. These extremely
high power densities may easily cause catastrophic optical mirror damage (COMD) unless
preventive actions are taken to reduce the amount of defects and the absorption in the facet
regions.

Several techniques can be used to increase the COMD threshold at the facet regions
such as non-injected regions, careful passivation of the facets or non-absorbing mirrors
(NAMSs) realized by quantum well intermixing. This thesis focuses on the investigation of
several approaches to integrate NAMs by compositional disordering, in particular impurity-
free vacancy diffusion (IFVD) and impurity-induced disordering (IID), and eventually the
evaluation of the NAM effect on the COMD threshold in a real fabrication process.

In order to investigate the quantum well intermixing, both experimental activity and
modelling effort are required. Experiments have to be performed with several rapid thermal
annealing (RTA) conditions and technological parameters, such as the thickness of the
dielectric caps used to induce the compositional disordering, so that optimal process
conditions may be determined. These conditions must then be properly adjusted to transfer
the process from samples of 2 cm? to whole 4-in (100 mm) wafers, while striving to maintain
compatibility with the current production work-flow. The characterization of the process
with a model is needed to have an insight in the comparison between the IFVD approach
and the IID one.

This thesis is structured as follows:

Chapter 1 gives a brief explanation of semiconductor laser devices since the aim of the
investigation was quantum well intermixing in high-power laser diodes

Chapter 2 details the different techniques to achieve compositional disordering reported in
literature. Moreover the quantum well intermixing phenomenon is modelled with two
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approaches: phenomenological and theoretical. The former determines the intermixed
material profile through a comparison with the measured PL wavelength shifts while
the latter is able to couple the vacancy profile with the disordering.

Chapter 3 explains the experimental activity carried out at the facilities of Prima Elec-
tro/Convergent Photonics in Turin and Chilab laboratory. Starting with the thermal
stability of the InGaAs/AlGaAs material during RTA, several conditions of dielectric
materials (thickness and pattern) and annealing (temperature and time) have been
explored to determine optimal parameters compatible with an eventual complete
fabrication process. The adjustments needed to transfer the IFVD technique to
whole wafers have been determined. Finally a complete fabrication process has been
performed in order to evaluate the performances of the intermixed diodes with those
of the standard production. In this chapter a brief investigation of the intermixing
caused by Ar bombardment is also reported.

Chapter 4 examines the IID process as an alternative to IFVD through the evaluation of
the vacancy profiles. Moreover, details of an ongoing IID experiment are given.

Chapter 5 shows the main experimental results and a brief comparison with the state-of-
art is made.
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Chapter 1

High-power semiconductor
lasers

Nowadays there are several applications in which laser devices are used, ranging from
telecommunication to biomedical [1]. In particular, for industrial material processing
applications [2], semiconductor laser diodes provide compact coherent light sources with
high efficiency and high emitted optical power.

In this sector, high power semiconductor lasers have been realized in order to emit in the
900-980 nm region which allows the coupling with fiber laser as an optical pumping source.
Typical laser diodes are realized with III-V semiconductors, in particular InGaAs/AlGaAs
alloys. This kind of devices usually consists of edge emitting diodes controlled with a
current injection and around 15 W can be obtained from a single emitter.

1.1 Basics of laser physics

Laser devices consist of a resonant cavity delimited by two semi-reflecting mirrors, one with
high-reflectivity (HR-facet) and the other anti-reflective (AR-facet). The resonant cavity is
realized with an active material that provides the optical amplification by exploiting the
radiative electronic transitions. The mirrors establish a feedback mechanism inside the
cavity where the generated light is subjected to amplification and reflections. The laser
light emission is the fraction of light transmitted through the AR-facet.

1.1.1 Electronic transitions

The absorption and emission of photon are associated with electronic transitions between
states in valence band (lower energy) |1) and conduction band (higher energy) |2). The
photon energy is given by the separation between levels according to hv = Fy — E7. Three
basic electronic transitions exist in a semiconductor material, schematically shown in fig. 1.2:

1. spontaneous emission

2. absorption

16



1 — High-power semiconductor lasers

HR-facet AR-facet

.

I —p

Figure 1.1: Schematic representation of a resonant cavity

3. stimulated emission

Spontaneous emission consists in the generation of a photon due to the recombination
between an electron in conduction band (CB) and an hole in valence band (VB) without
any interaction with already existing photons. This emission covers a whole spectra of
wavelengths, one for each permitted electronic transition. Absorption, instead, is the
excitation of an electron from VB to CB and the consequent generation of a hole in VB
due to the interaction with a photon of proper energy. Stimulated emission requires the
interaction between photons and electrons in CB, which induces the radiative recombination
of the electron-hole pair. The emitted photon is characterized by the same wavelength, phase,
polarization and propagation direction of the incident photon, therefore light amplification
takes place in the material. This third kind of electronic transition is the mechanism that is
exploited in laser devices. Obviously such process requires electrons already present in CB
states in a condition called population inversion which can be realized either through carrier
injection (commonly used in high-power laser diodes) or optically pumping the material (as
in the case of optical fiber lasers). Thus population inversion is the fundamental requirement
to have optical gain in an active material.

12) 12) [2)
hb’ hU {V\/\/-Phl) hv
AVAVAV.e AVAVAV.e NN\ i AVAVAV.e

[1) —o—l) [1)

Figure 1.2: Electronic transitions [3]: (a) absorption, (b) stimulated emission and (c)
spontaneous emission

The rates at which these radiative processes take place depend on the density of photons
and the density of available state pairs between CB and VB.

Another possible electronic transition is the non-radiative recombination in which energy
is dissipated through heat and no photon is generated. This mechanism is an unwanted
defect in semiconductor lasers and in high-power devices it may lead to catastrophic optical
damage.
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1 — High-power semiconductor lasers

1.1.2 Round-trip conditions

The active material is pumped to have population inversion, spontaneous emission takes
place and a fraction of the radiation is guided along the longitudinal axis of the resonator.
These photons are reflected at the facets and induce the stimulated emission of other
photons and, once the amplification is able to compensate the intrinsic losses inside the
material, it’s possible to have laser emission. This is described by the laser round trip
conditions.

C " \U (x, y) * 2 D
.8 4 L/ 2 —

d

=
S|

T
t‘-\q
3

Figure 1.3: Generic laser cavity cross-section from [4]. L, is the gain region, L, the passive
region

In a modern laser diode, the optical energy propagates in a dielectric waveguide mode,
confined both in the lateral and trasversal direction, and described by normalized transverse
electric field profile Fy(x,y). The mode propagation can be expressed as [4]

Erp = §Eo(z, y)e! - ol (L1)

where 3 is the complex propagation constant, which includes any modal loss (cv;) or modal
gain ['g which can be expressed as

2T Neft ]

v T 59— () (1.2)

where nsy is the effective refractive index obtained by solving the Helmoltz equation for
the waveguide refractive index profile. Assuming L, = 0 (fig. 1.3) and facet reflectivities
r1, 19, the condition for which the mode reaches threshold is that the gain compensate the
losses as described by the Barkhousen conditions for a resonator

B=pr+ipi =

27Ne

T =riry-exp (—2j HL) ~exp (+[['g — ()] Ly) =1 (1.3)

The Barkhausen condition are satisfied for

LT =2mm )
T =1 (1.5)
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1 — High-power semiconductor lasers

From the phase condition the cavity longitudinal modes A, can be derived:

2B,Ly = 2mm (1.6)
2Nt Lg
A = elt (L.7)
m

while from the gain condition the threshold gain I"gynis obtained

r1r2 exp([l'g — (@i)]Ls) = 1 (1.8)
Tgn = Ll 1og<ﬁlr2> ) = am + (o) (1.9)

with mirror loss «,, and average internal loss (a;) = @, + ().

A —

Gain Gain envelope \
Oscillation

\ threshold

T

Figure 1.4: Threshold gain from http://laserstars.org

1.2 Semiconductor lasers

Semiconductor materials present at 0 K two bands, one completely filled (valence band, lower
energies) and the other completely empty (conduction band, higher energies) of electrons
separated by an energy gap around 1 eV. At room temperature, part of the conduction
band is populated by electrons leaving holes in valence band. This energy structure makes
possible both the population inversion and the stimulated emission.

In order to increase the probability of radiative electron-hole pair recombination and,
therefore allowing the laser diode to sustain the photon emission, the semiconductor
material must have a direct band gap in which the recombination process doesn’t require
the interaction with photons.

1.2.1 Double heterostructures

In order to optimize the stimulated emission probability, a direct-gap semiconductor material
must be used and both high carrier density and high photon densities are needed. Moreover,
since carriers are constantly recombined during stimulated emission, a mechanism to
replenish the electron population in CB is necessary. Therefore a proper pin junction that
allows the confinement of both carriers and photons is used (fig. 1.6).
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Conduction Conduction
band band

Direct : Indirect
Ak~0
transition - e transition
N k AINN K &
Valence '/ | \ Valence // | \ N\ "o
band /[ \ \ band /| VN
ro L ¥ /o \ \
£ Voo /] Voo

Figure 1.5: Direct and indirect semiconductor bandgaps [5]

In pin junctions population inversion can be maintained using the diode in forward
bias through carrier injection. In particular the probability of stimulated emission can be
described using electrons and holes Fermi distributions (f.(E,T'), f,(E,T)) and quasi-Fermi
levels EFC, EFU:

fc:

1+ exp EQ_EFC)

kT

—_ | =

fo= 1+ exp (Lz;?%)

The stimulated emission process should be predominant with respect to absorption so

Rstim - Rabs = fc(l - fv) - fv(l - fc) = fc - fv >0

Je> fo

Ey — Ep, < Ey— EF,
E,=E,— FE
E, < hv

The population inversion is reached when the quasi Fermi levels Er and Er, penetrate
in CB and VB. Therefore to have stimulated emission the following relation has to be
respected:

Eg < EFC — EFU

The materials used are III-V compounds, shown in fig. 1.7 that are compatible with
semiconductor substrates such as GaAs or InP and provide the wavelength needed for
the specific application, for example 1.3 pm and 1.55 um in optical communications and
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y : ]
&£
(5]
5 Electrons
s
Bl gt T____ 5
(&)
o
(]
Eg.cl
l EV
Vertical Position z
Figure 1.6: Example of double heterostructure [6]
—— AIP
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Figure 1.7: Semiconductor alloy diagram [4]. The structure is realized in AlGaAs/GaAs
but, to be able to optically pump the fiber laser, the quantum well consists of a single layer
of InGaAs which provides the proper wavelength.

900 + 980 nm in material processing. Moreover these compounds can be used to fabricate
structures to spatially confine both photons and carriers thus controlling also the optical
properties of the semiconductor.

Carrier confinement is obtained realizing a quantum well, a double heterostructure of
thickness comparable with the electronic wavelength. These heterojunctions use cladding
regions with higher bandgap as potential barriers, while the well itself has lower gap. In
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1 — High-power semiconductor lasers

this way the electronic wave is confined in the well ad its energy levels become quantized as
shown in fig. 1.8.
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Figure 1.8: Band gap distribution and relevant energy levels of an InGaAs-QW embedded
in a AlGaAs waveguide layers from [7]

Quantum wells are fundamental to increase the efficiency of semiconductor laser diodes
since they allow to reach the same population inversion with a smaller number of the
injected electrons than for the bulk semiconductor and heavily modify the density of states
(DOS) with respect to bulk materials (fig. 1.9).
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Figure 1.9: Comparison of DOS between bulk semiconductor and infinite-barrier quantum
well [4]

From the strong carrier confinement and the joint-density-of-states given by quantum
wells, the laser diodes have several other advantages such as lower laser threshold, high
thermal operation, high differential gain, wide gain bandwidth. If the quantum well is
realized with layers that induce compressive strain in the structure, the diode has also
low thermal dependence (high Tp). Finally quantum wells also allow to tune the emission
wavelength of the laser by properly modifying the energy levels.

The optical confinement provides the high photon density needed for the laser diode
and it’s realized with a separate confinement heterostructure (SCH) different in the vertical
direction and a waveguide in the horizontal direction. The characteristic dimensions of these
waveguides are much larger than the quantum well thickness, being the optical wavelength
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1 — High-power semiconductor lasers

longer than the electronic one.

On the horizontal direction, the waveguide is fabricated with a ridge structure in which
a chemical etch process is used to remove part of the material, thus introducing a significant
refractive index variation n(z). On the vertical direction, instead, the index guiding is
realized with layers having different refractive indices between one another. The vertical
waveguide is realized during the epitaxial growth using III-V compounds but with different
molar fractions in each layer. Both lateral and vertical confinement are schematically
represented in fig. 1.10.
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Figure 1.10: Optical confinement with ridge structure

1.2.2 High-power laser diodes

High-power laser diodes are a particular class of semiconductor lasers that are characterized
by high output optical power and high brightness. They are fabricated in I1I-V compounds,
usually InGaAs/AlGaAs alloys, and present a single quantum well which emits in the range
900 + 980 nm.

This class of diodes is able to emit tens of watt of output power and their main application
is the optical pumping of fiber lasers that are able to reach kilowatts of power, making
them particularly suitable for material processing. In addition to optimum optical and
electrical performance, the thermal behaviour is extremely important in high-power laser
diodes, so they must have:

o low optical losses,
 high internal and external efficiency,
» optimum facet coating,

« low operating voltage,
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Figure 1.11: An example of high power laser diode from [8]

o efficient heat dissipation,

e high temperature performance.

Beam quality

Another important parameter for high-power laser diodes is their beam quality, which is
characterized by the Beam Parameter Product (BPP), and their brightness.
The BPP is calculated from the far-field divergence angle and the beam radius according
to
BPP =w-6 (mm-mrad)

where w is half beam width and 6 is its angular semi-divergence, both measured at the
output mirror of the laser diode. The BPP cannot be reduced by manipulating the beam
with linear optics. Another parameter evaluating the beam quality is the beam quality
factor M? which compares the the optical beam with a gaussian one, that is characterized
by the best possible BPP:

BPP =

Gauss

~ BPP
- BPPGauss

i

M? >
For asymmetric beams, the M? factor can be significantly different in the two orthogonal
directions. In fact, in edge-emitting semiconductor lasers the waveguide in the transverse
direction (normal to the growth plane) is single-mode, resulting in a very low M? (fast axis).
While the waveguide in the lateral direction (slow axis) is large, and highly multimode.
Another important parameter is the brightness B which also is related to the BPP

o Popt o Popt 1 2 -2 =2
" w?BPP2 g <w€> (Wem™ar7?)

This parameter is proportional to the material processing efficiency, so an higher value of
B is desirable which, in turn, means the BPP should be as small as possible.
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1 — High-power semiconductor lasers

Fiber laser

Material processing requires powers of the order of kW so single laser diodes with optical
power around tens of W cannot be directly used. However coupling many diodes increases
the total BPP since BPP ~ >_; BPP; thus preventing their direct use in this application.
Due to this limitation, laser diodes are typically used as pump sources for rare-earth-doped
fiber lasers which, in turn, deliver the required optical power at low BPP at the expense of
optical power loss around 30%.

Figure 1.12: Example of multiemitter module

The optical pumping is realized by an array of multiemitter modules (an example is
shown in fig. 1.12), each consisting of several 920 nm laser diodes whose output beams are
coupled with a multimodal coupler. This incoherent superposition increases significantly
the BPP, thus degrading the beam quality, but the resulting output beam has elevated
optical power, around 1.6 kW. The photons from the multiemitter array are injected into
the active fiber to excite ytterbium ions to metastable states.
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Figure 1.13: Schematic representation of a fiber laser system from www.fiberlaser.fujikura.
jp
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The active fiber is a ytterbium-doped resonator that amplifies light by stimulated
emission. The optical confinement is realized by the difference in the refractive index
between core and cladding layers of the fiber itself and the resonant cavity is formed with
Bragg reflectors. The fiber laser acts as a BPP converter since, differently from the pumping
system, it’s characterized by low BPP, high brightness, power around 1 kW and emission
wavelength at 1050 nm.

Therefore the fiber laser system, schematically shown in fig. 1.13, can be used in material
processing for applications such as laser cutting, drilling, welding, additive manufacturing
and it can be even used in biomedical applications.
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Figure 1.14: Catastrophic Optical Mirror Damage (COMD)

Three main failure mechanisms [10]-[13] can be observed in high power laser diodes:

 rapid degradation of the output power due to significant defects already present after
the device fabrication;

» gradual degradation which consists of a slow output power decrease due to creation
and diffusion of point defects;

o sudden degradation in which the output power drops instantly after reaching a
threshold condition (fig. 1.14).

The catastrophic optical mirror damage (COMD) belongs to the third group and it’s
characterized by a fast thermal runaway due to excessive non-radiative recombination at
the diode facets in a positive feedback mechanism. At high power the mirror tends to
overheat and the optical absorption increases significantly, thus causing localized heating.
This, in turn, leads to a reduction in the material bandgap and consequent increase of
the absorption at the emission wavelength. This mechanism causes the thermal runaway
that leads to the facet melting. So in high-power laser diodes, which can emit power
densities exceeding 20 MW /em?, any defect can easily induce COMD [10], [11], [14] and
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proper preventive actions must be taken in order to increase the COMD threshold. To do
so several approaches have been reported in literature:

better facet passivation that reduces the defects acting as recombination centers;
non-injected regions at the facets that reduce the non-radiative recombinations;

deposition of A/4 layers on the HR facet that shift the optical standing wave pattern
in order to have a minimum of the intensity at the facet [15], [16];

realization of non-absorbing mirrors (NAMs) [9], [17] through quantum well intermix-
ing.

The first one can be carried out, for example, by cleaving the diodes under vacuum or
with proper facet treatments, the third one consists in the deposition of a suitable multilayer
stack of dielectrics, while the forth one is the approach that has been investigated in this

work.
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Figure 1.15: Schematic of laser diode with NAM regions [18]

Non-absorbing mirrors (NAMs) consist of a window structure [18]-[20] near the facets
where the bandgap is higher with respect to the cavity. These passive waveguides can
be realized by etching and regrowing the epitaxial layers but this approach requires the
equipments needed for an epitaxial growth (such as MBE or MOCVD reactors) and can
introduce a mode mismatch at the butt joint or other defects. The quantum well intermixing
technique, instead, creates and diffuses vacancies inside the crystalline structure to induce
compositional disordering in the region. This, followed by a rapid thermal annealing process,
results in an higher bandgap while preserving the alignment with the active waveguide.
Moreover the variation of refractive index at the butt joint can be made negligible thus
reducing the mode mismatch.
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Chapter 2

Quantum well intermixing
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Energy
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Figure 2.1: Example of compositional disordering in AlGaAs [21]

The quantum well intermixing (QWI) is a post-growth technique to modify the potential
profile of a quantum well by the compositional disordering of the barrier-well interface
therefore changing the quantized energy states. This allows, in principle, the integration of a
variety of devices [22]-[25] such as passive waveguides, modulators [26], [27], photodetectors
[28] and can be even used to tune the emission wavelength of a laser diode [29]-[32]. In
the case of InGaAs/AlGaAs high power laser diodes, the most interesting aspect of this
technique is the possibility to integrate non-absorbing mirrors (NAMs) at the facets of the
diode itself.

The QWI process takes place through the diffusion of I1I-group vacancies across the
epi-structure in such a way to realize the compositional disordering. This leads to the
modification of the quantum well profile and the change of its bound states (fig. 2.2), the
increase of energy gap and, in extreme cases, the reduction of the potential barriers. In this
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way it’s possible to make transparent the facet regions by reducing their absorption at the
emission wavelength.
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Figure 2.2: Effect of QWI on a rectangular quantum well. It’s possible to notice a shift in
the bound state energies between the two wells

Several techniques can be used to induce the compositional intermixing, each with its own
advantages and weaknesses. The most commonly used are impurity-free vacancy diffusion
(IFVD), impurity-induced disordering (IID), Ar* plasma bombardment and laser-induced
intermixing. In the following sections each of them is presented more in detail.

2.1 Impurity-free vacancy diffusion (IFVD)

The impurity-free vacancy diffusion (IFVD) is perhaps the simplest technique to enhance
the intermixing of the quantum well and it requires the deposition of dielectric cap layers
on the sample surface [33]. The mechanism of compositional disordering is the generation
and subsequent diffusion of vacancies due to the out-diffusion of IIl-group atoms from the
material into the dielectric cap during a rapid thermal annealing (RTA).

Choosing the proper dielectric or its stoichiometry it’s possible both to suppress or
enhance the intermixing, allowing also a certain degree of spatial selectivity in tuning the
bandgap [34].

In literature the most reported dielectrics are:

+ SiO;N, layers [35]-[39], in which the Ga concentration increases with the oxygen
content thus increasing also the intermixing;

 SigNy that tends to suppress the intermixing [40]-[42];

« SiOg that enhances the intermixing [40], [43]-[48]. Depending on the deposition
technology, the annealing temperature needed to achieve a significant intermixing
ranges from 660 °C to 950 °C. In particular sputtered SiOs has the lowest requirements

29
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for the temperature due to the increase in the vacancy concentration given by the
sputtering process itself;

 SrFy that inhibits the intermixing [45], [49]-[51] more efficiently than SigNy.

The observed intermixing depends on the encapsulating dielectric, its properties (thick-
ness and porosity), and stress at the cap/semiconductor interface due to difference in their
thermal expansion coefficients [52]. In fact SigN4 and SiOs layers can be used to respectively
enhance or inhibit the intermixing in AlGaAs alloys due to the stress they cause on GaAs:
if tensile (SigN4) the vacancies are trapped closer to the surface. Another factor in the
amount of intermixing is the diffusion coefficient of Ga into the dielectric: in the case of
SiO9 caps the diffusivity is one order of magnitude greater than in SigNy layers.

The properties of the encapsulating dielectric layer may be varied with different deposition
conditions [53] or growth techniques such as sputtering [24], [54], evaporation or plasma
enhanced chemical vapour deposition (PECVD). This degree of freedom also affects the
required annealing temperatures that range from 660°C to 950 °C; however such high
temperatures may also damage the material itself.

Besides its simplicity, another advantage of IFVD is the low defect density it generates,
thus maintaining high crystal quality and low propagation losses. The main weakness of
IFVD, instead, is the management of the different thermal expansion coefficients of the
involved materials. If not properly considered it’s possible to observe delamination or
reduced efficiency after the RTA [47], [49].
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Figure 2.3: Example of IFVD structure [49]

2.2 Impurity-induced disordering (IID)

The impurity-induced disordering (IID) consists in the implantation of neutral or electrically
active atomic species such as Ast or HT followed by rapid thermal annealing in order
to realize the compositional intermixing. This technique can become impurity-free if the
implanted element is already present in the crystalline matrix.

The parameters of this technique are implanted species, ion energies and doses [30],
[52], [55]. Usually highly energetic ions are used in order to reach the depth at which the
quantum well lies, thus the facilities needed for such a process aren’t neither readily available
nor common. However, the ion implantation is a well established technique in the field of
semiconductor devices and allows a very good spatial selectivity and control. An issue that
may arise is the crystal damage that may introduce defects acting as recombination centers
thus countering the effects of NAMs.
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Figure 2.4: Example of IID process. The implantation range allows to generate vacancies
close to the quantum well layer.

Depending on doses and ion energies, the annealing temperatures required to have an
efficient disordering range from 700 °C to 950 °C. In principle, if the vacancies are generated
in close proximity to the quantum well layer, the required temperatures can be significantly
lower with respect to the IFVD approach, thus overcoming the extremely small vacancy
diffusivity in III-V compounds for 7" < 850 °C. This, however, may require the use of highly
energetic ions and, depending on the ion species itself, they may cause excessive crystal
damage.
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Figure 2.5: Comparison between IID and IFVD [32]. Being the IID vacancies much closer
to the quantum well with respect to IFVD, the annealing temperature can be significantly
lowered.

In literature several ions have been reported:

o electrically active species such as fluorin and boron [56]-[62] which may introduce
non-radiative defects in the NAM;

« ions belonging to the material matrix such as arsenic in AlGaAs [63]-[66] that make
this approach impurity-free. However, using such heavy ions requires energies of the
order of 1 MeV or higher in order to reach the quantum well layer, thus possibly
causing the amorphization of the material;

o light ions, in particular protons [67]-[71], that can reach the quantum well with lower
energies but are unable to generate the same amount of vacancies as heavier ions.
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2.3 Ion bombardment

The ion bombardment can be considered a variant of the IID technique since it uses
low-energy ions to create vacancies near the material surface that are subsequently diffused
during RTA. This approach promises to reduce the unrecoverable crystalline damage of the
material with respect to ion implantation (which may require energies of MeVs).

Several possibilities exists for this technique: Hs plasma [72] or Ar plasma (usually
obtained in a ICP-RIE) [73]-[84].
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Figure 2.6: Example of Ar* plasma exposure [81]

2.4 Photoabsorption-induced disordering (PAID)

The photoabsorption-induced disordering exploits the light absorption in the quantum well
region when the material is excited with a proper wavelength. In this way it’s possible to
have a localized heating that leads to the intermixing.

This technique can be used both with continuous wave (CW) and pulsed lasers (p-PAID)
and it’s reported to be really effective in InGaAsP semiconductors due to their limited
thermal stability. However, the main issue is the need for a laser with the appropriate
wavelength to induce the heating. Moreover this approach requires the etching of the top
absorbing layers of the epi-structure. [22], [85]-[98]

2.5 Numerical modelling

Quantum well intermixing can be evaluated through numerical models that can be divided
between a more phenomenological approach and a more theoretical one. The former assumes
a certain distribution of the compound atoms (usually for the IFVD) [99], while the latter
solves numerically the diffusion of the III-group vacancies (usually 1ID) [100]. However,
both approaches share a few elements, in particular they assume that the III-group vacancy
diffusion is described by Fick’s law and both require the solution of Schrodinger equation
for a finite potential well.

In the following, both the compositional intermixing and the bound state evaluation
will be treated more in detail, and the result of a simple phenomenological model will be
explained. Also a theoretical model, developed with the help of Prof. Amr Helmy from
University of Toronto, will be illustrated. These models make use of experimental results
that will be treated in chapter 3.
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2.5.1 Compositional intermixing

The cause of quantum well intermixing is the generation and diffusion of I1I-group vacancies
during RTA, so the profile of each diffusing element can be obtained solving the so-called
second Fick law [101]

gtc(z,t) — aaz (DiC(z,t)) (2.1)

where C(z,t) is the concentration of diffusing atoms and D is their diffusion coefficient.
Assuming that D doesn’t depend on the concentration nor on position, eq. (2.1) can be
simplified to

0 0?

aC(z,t) = D@C(z,t) (2.2)

Assuming infinitely thick barriers, the solution of eq. (2.2) is given the sum of erf

functions [101]
1 z—d z+d
= - f — erf 2.
o0 =3 (o (Vi) o (Vipea)) (2:3)

where Dy, is the diffusion coefficient of I1I-group atoms (Ga, Al, In). Equation (2.3) can
be directly applied to the intermixing in GaAs/AlAs heterostructures while, in the case of
the In;_,Ga,As/Al;_,Ga,As heterostructure used in this thesis, both the diffused molar
fraction of Al and Ga are assumed to be related to eq. (2.3) according to

CGa(Za t) = Twell * C(Z, t) + Tharrier * (1 - O(Z, t))
CA}(Z, t) = Ywell * C(Z, t) + Yvarrier * (1 - C(Z, t)) (25)

The diffusion coefficient Dy, is assumed to be the same for both species thus implying the
lattice matching of the diffused quantum well.
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Figure 2.7: Example of compositional disordering with D;; = 1 x 107! cm? /s at 950 °C
for 60s
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From these equations it’s possible to evaluate both the band diagram and the effective
masses of electrons, heavy and light holes [102] needed to determine the bound states of
the well.

So, given an initial molar fraction distribution of both Al (y) and Ga (), intermixing
takes place according to a common diffusion coefficient Dy for the IlI-group atoms of the
compound. Since the intermixed alloy is Iny_,_,Ga,Al,As it’s possible to obtain also the
molar fraction of In (1 — 2 — y). The diffusion coefficient Dy, is assumed to not depend on
position or concentration but no hypothesis was made on its dependence on time.

2.5.2 Evaluation of the bound states

The bound states of an arbitrary-shaped quantum well can be obtained solving the stationary
Schrodinger equation

were V(z) is the potential profile, m*(z) is the effective mass and E,, the bound state
energies.

To solve eq. (2.6) for an arbitrary-shaped quantum well several numerical methods are
available, for example Runge-Kutta-type algorithms (RK) [45], [103], [104], finite differences
(FDM) [105], finite elements (FEM) [106]-[111], transfer matrices (TFM) [112], [113] or
even iterative techniques [114]. In this study the FEM procedure was used to solve the
generalized eigenvalue problem derived from the weak formulation of eq. (2.6) (as shown in
appendix B). Being a variational method, a known weakness of this technique is gradual
loss of accuracy for higher eigenvalues. However, comparing the results of the FEM solver
with those of a few test cases, this error was deemed acceptable. Finally each test case has
been compared with the results obtained using the transfer matrix method and, in all cases,
the difference between the two methods (FEM and TFM) was negligible.

Parabolic QW

The bound state energies of an infinite parabolic quantum well (or, equivalently, an harmonic

oscillator) are given by
1
E, = hw (n + 2>

with n = 0,1,.... So these states are all equally spaced in energy E, 1 — E,, = hw/2.
Using a parabolic potential the stationary Schrodinger equation eq. (2.6) was solved
and the resulting energies were properly spaced within 1075 eV for the highest eigenvalues.

Rectangular QW

Another test case consisted of two rectangular quantum wells made by Aly2GagsAs/GaAs
of width, respectively, 20 nm and 2 nm.

Even though the highest eigenenergies slightly differed from the expected values, the
bound states evaluation was deemed satisfactory since, in high-power laser diodes, the
optical transition of interest is the fundamental one between electrons and heavy holes.
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Table 2.1: Potential profile of 20 nm quantum well and its bound states

Intermixed QW

Finally an intermixed structure defined using egs. (2.3) and (2.4) was used in the FEM solver
to evaluate its capability to solve arbitrary-shape quantum wells with position-dependent

effective mass.

The considered quantum well is represented in fig. 2.9 and is obtained with a diffusion
coefficient Dy = 10*15cm2/s and RTA 950°C, 60s. Its bound state energies were evaluated
to be 83 meV and 152 meV, the corresponding wavefunctions are shown in fig. 2.9b. The
comparison of these results with those obtained using the transfer matrix method was

considered satisfactory.
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Figure 2.9: Intermixing with Dy, = 10715 cm2/s and RTA 950°C, 60s

2.5.3 Phenomenological model

This approach assumes, as previously explained, that the diffusion of III-group atoms is
given by eq. (2.4) and was originally used only to characterize intermixing experiments in
terms of diffusivity of Al atoms [45] or Ga vacancies [115]. However, carrying out several
experiments, this method can be used to extrapolate a “calibration curve”, shown in fig. 2.11,
which gives a limited predictive capability.

Another assumption is that the lattice matching is conserved after the annealing, meaning
there is a single diffusion coefficient Dy, for all atomic species [116]. A more rigorous approach
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would be to consider different diffusivities for each element thus introducing also the effect
of strain [117]-[119].

Algorithm

This model requires wavelength shifts from a series of experiments in order to determine
iteratively a diffusion coefficient for the quantum well. The only requirement is the knowledge
of both initial molar fraction and functional form of the diffused molar fraction.

The initial quantum well is realized with Al,_,Ga,As barriers while the well itself is
made by In;_,Ga,As in order to obtain an emission wavelength compatible with the optical
pumping of the fiber laser. The diffused profile is evaluated according to eq. (2.4).

So the main steps of the algorithm are:

1. Measure of Aleyp from PL
2. Assume D;; and evaluate the intermixed profile
3. From the molar fraction evaluate the band diagram

4. Evaluate the A um of the intermixed quantum well with respect to the initial quantum
well

5. Compare Alexp and Adyum, if they differ more than a certain convergence threshold
assume a new D;; and repeat.

Numerical issues

From the numerical point of view, the main issues are the order of convergence and the
threshold. The former is therefore related to the computational time, while the latter
depends on the accuracy of the PL measures and on the computational time.

The original paper [45] used a simple loop in which the diffusivity D is increased by
small steps until [Aexp — Apum| < 0.2 nm. However, this approach may extremely increase
the time to reach convergence if the step is too small or it may even fail to converge if
the step is too large. However, if the method is evaluated as a root-finding problem using
as threshold [AXexp — AXpum|, where each A\, is computed with respect to the initial
quantum well, it’s possible to use numerical techniques such as bisection or secant method
to increase significantly the order of convergence. Finally it was used a false position
method which has higher convergence order with respect to bisection while maintaining the
properties of a bracketing method.

The threshold value is related to the PL measurement accuracy (1 nm), so any threshold
less or equal than the accuracy can be used without introducing a significant error. Moreover
the threshold also affects the computational time but its impact becomes negligible when
root-finding algorithms are used.

Temperature and time dependence

The main parameter of this model is the diffusion coefficient D;;; but its dependence on
time and temperature was not known. So a group of samples, each annealed at different
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Figure 2.10: Schematic representation of the algorithm
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Figure 2.11: Diffusivity in samples annealed for 1 minute

temperatures and times, were prepared using the SiOs-over-SigNy dielectric structure,
explained in chapter 3.

As seen in fig. 2.11, the diffusion coefficient D;;; presents an exponential behaviour for
samples annealed between 850 °C and 1000 °C for 1 minute. Moreover the SiO diffusivity
is one order of magnitude greater than the SisN4 one as expected from the enhancement or
suppression of the intermixing.

For what concerns the time dependence, instead, the amount of intermixing A\ increases

almost linearly with time, meaning the diffusivity is nearly independent from time as shown
in table 3.6.
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Validity

This modelling approach is extremely simple and, given a sufficient number of comparable
samples, it should be possible to predict the observed AX. Moreover, being so simple, it can
be used both for IFVD and IID but it cannot give any insight about the vacancy profile.

2.5.4 Theoretical model

The quantum well intermixing can be also described with more theoretical approaches, in
particular [99], [120], [121]. These models couple the vacancy profile with the compositional
disorder and, therefore, with the wavelength shift of the quantum well. They can be
applied both to the IFVD and the IID process but require some knowledge of the material
properties.

From the physical point of view, the intermixing process can therefore be described as
the diffusion of both vacancies and III-group atomic species, each with their own diffusion
coefficient Dg,, D4, and Dy, [122]-][124].

ov 0%V
o Doz
0C.. 9*Cy.
o~ Pega
ICy _ ——0°Ca
ot M 922
aC,  ——°C,
ot ™ 922

The intermixing requires coupling the vacancy diffusion with that of the III-group atoms
and it is done by considering effective diffusion coefficients as follows [121]:

Viz,t
DGa:DGa i/ )
Viz,t
DAIZDAI i/eq )
DIn == DIn : V(z7t)

where V,, as the equilibrium vacancy concentration which is strongly dependent on the
annealing temperature.

It’s possible to assume that the crystal lattice matching is conserved during diffusion and
therefore all the involved atomic species diffuse with the same coefficient D,;;. Moreover,
assuming that the quantum well barriers are infinitely thick, eq. (2.4) can be used to
describe the compositional disordering in the quantum well. Finally Schrodinger equation

with a position-dependent mass can be solved numerically to obtain the bound states for
both CB and VB.
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In the case of IFVD process, the vacancies contributing to the compositional disordering
are generated by the out-diffusion of Ga atoms into the dielectric cap [40], [125]. Therefore
the vacancy flux should depend on RTA conditions, diffusivity Dg, and solubility limit Cyg
of Ga in the cap.

Therefore, considering a SiOy dielectric layer of thickness d and solubility limit C,,, and
assuming that the Ga concentration at the interface is equal to C.,,, during the whole RTA,

the partial differential equation (PDE) and its boundary conditions can be expressed as
[99]

%CGa = DG&L%CG‘A(Z) t) 0<2<d,0<t<tpm

Caa = Csol 2=0,0<t<tgma

9o = () 2=d,0<t< thn (2.7)
Cea(2,0) =0 t=0,0<z<d

Cea(z,t = 00) = Cy1 t—o00,0<2z<d

The vacancy profile in the epi-structure can be obtained solving the following PDE [99]

AV (2,t) = Dy5V(zt) 0<2<L0<t <ty

%:0 2=L,0<t<tlgm
oV aCq (2.8)
DUEZDGa P 2=0,0<1t<1lpa
V(z,t=0)=0 t=0,0<z<d
where the boundary condition Dv%—‘z/‘ 0= Dq. 8%53 relates the Ga out-diffusion and
zZ= =

the vacancy generation. Therefore, solving both egs. (2.7) and (2.8) it’s possible to estimate
the vacancy profile introduced by the IFVD process as shown in fig. 2.12.
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(a) Out-diffused Ga atoms (b) Vacancies generated

Figure 2.12: Example of IFVD process

It can be noted that the Ga concentration in SiOs tends to reach very rapidly the
solubility limit so the vacancy flux toward the epi-structure should decrease in time.
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In particular, applying this model to the structure used in the experiments reported
in this thesis, the dielectric cap consists of 150 nm SiOs layer deposited over the epitaxial
structure. Both the solubility limit with Cs, = 1 x 10! em™3 and diffusion coefficient
D¢, = 5.2-exp(—1.77/kpT) cm? /s are reported in literature [99], [115], [119]. The resulting
vacancy profile is shown in fig. 2.13.

1019 1

t=20s

1018 1

1017 1

V(2) (em™)

1016 1

1015 1
0 0.5 1 1.5 2
z (pm)

Figure 2.13: Diffused IFVD vacancy profile at 950 °C. At the interface the vacancy flux is
reduced due to the saturation of SiOs cap.

At the interface between the material and the dielectric cap (z = 0) the flux of vacancies
decreases after an initial transient due to the saturation of Ga atoms in the SiOs layer.

Therefore, using a 150 nm SiO5 dielectric cap and annealing at 950 °C for 60 s the amount
of vacancy generated at the quantum well depth V (dqgy) is approximately 6 x 106 cm=3.
This approximation can be used only as an indication since the diffusion coefficients D,

and D, may not accurately represent neither dielectric layer nor epi-structure.

2.5.5 Conclusions on modelling

The phenomenological model is able to correctly predict the intermixing process once the
results of a series of experiments are available. Due to its simplicity, this model can be
applied both to IFVD and IID processes but doesn’t give any information about the physical
phenomenon of the composition disordering.

The theoretical model, instead, is able to couple the vacancy profile with the intermixing
process but it requires the knowledge of diffusion coefficient D;;; that is not known in this
phase. However it’s possible to determine Dy;; from the comparison with experiments, in
the same way of the phenomenological model. By doing this, it was possible to obtain A\
comparable with those reported in table 3.6, in particular 10.2nm at 925nm and 41.4nm
at 950 nm, both annealed for 1 minute. Obviously the needed phenomenological approach
and the differences with respect to the measured wavelength shift give this model only a
limited predictive ability.
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Therefore, while in principle able to predict the amount of intermixing for a given RTA
and process, the theoretical model requires the knowledge of each diffusion coefficient and,
in literature, their proposed values may vary by orders of magnitude between different
articles. So these models, at least at the present stage, can only give an indication of the
compositional disordering and require a comparison against experimental results.
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Chapter 3

IFVD experimental activity

Among the several techniques explained in chapter 2 to induce quantum well intermixing
(QWI) in InGaAs/AlGaAs alloys, impurity free vacancy diffusion (IFVD) and inductively-
coupled Ar plasma (ICP-Ar) were investigated being the needed technology already available
in the production facility of Prima Electro/Convergent Photonics (fig. 3.1). The ICP-Ar
technique was abandoned after the pre-investigation phase since it did not produce promising
results (see section 3.4).

(a) Photolithography equipment (b) Plasma equipments

Figure 3.1: Part of the facilities in the laboratories of Prima Electro/Convergent Photonics

The aim of the whole experimental activity was to obtain a wavelength shift exceeding
20nm (27 meV), suitable for the fabrication of non-absorbing mirrors (NAMs) at the facet
of the laser diodes: the absorption reduction induced by this shift is in excess of 95%. Both
the process flow and the technological tools were chosen to maintain compatibility with the
current production.

The main parameters for IFVD process that were investigated are:

« the material stability to rapid thermal annealing (RTA) which gives the limits over
which unwanted intermixing takes place;

« the choice of the dielectric material caps [104] which allows both spatial selectivity of
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the process and suppression or enhancement [40], [42], [49], [126] of the compositional
intermixing;

o the deposition conditions and the thickness of the dielectric caps that are further
degrees of freedom to tune the wavelength shift [53], [127]-[130];

o the dielectric pattern/sequence, in particular the overlapping of dielectric layers, which
eases the whole fabrication;

o the annealing conditions, in terms of time and temperature, that must be optimized
in order to obtain the maximum possible shift in the NAM regions and minimum shift
in the nominally non-intermixed regions;

o the mechanical stability of the wafers during RTA which became a major concern
while transferring the process from small samples to whole wafers.

Room temperature photoluminescence (PL) was used to evaluate the wavelength shift.
This requires the removal of the dielectric layers and around 1 pm of semiconductor to allow
the detection of the PL emission from the intermixed quantum well.

The whole experimental activity has been carried out on samples from 4-in wafers (100
mm diameter) grown either by metal-organic chemical vapour deposition (MOCVD) or
by molecular beam epitaxy (MBE). The available wafers differed from the ones used in
current production, in particular their epi-structure, but they were considered equivalent to
production wafers for what concerns quantum well intermixing. Two growth batches were
used, one older with respect to the other, with the newer epi-structure having around 30%
more Al in the barrier layers which causes an increased intermixing, thus explaining the
variability in the results of different wafers in the same experiment.

The QWI parameters were investigated on samples of area around 2 cm? and, finally,
the optimized process conditions were tested on whole 4-in wafers, denominated RD00G6,
RDO007 and RD008. Mechanical issues arisen in this phase have been overcome with proper
adjustments which finally led to an optimised process.

3.1 Thermal stability

The thermal stability of both MOCVD and MBE material to RTA have been tested on
2 cm? samples. Samples were covered with a GaAs cap to prevent desorption of As and
were annealed for 1 minute each in temperatures ranging from 800 °C to 1000 °C without
any dielectric cap.

The wavelength shift became significant only for temperatures above 900 °C, as it can
be seen in fig. 3.2. This poses a serious technological issue since the undesired diffusion of
dopant atoms and the mechanical instability could arise at such high temperatures.

3.2 Dielectric caps

In literature [40], [42], [49], [126] is reported that intermixing can be enhanced or inhibited
using different dielectric layers through IFVD while providing spatial selectivity. From
the technological point of view, the main advantages of IFVD are the relative simplicity
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Figure 3.2: Thermal stability of bare samples

of the process and its promise of significant wavelength shift and spatial selectivity. In
the present work, the technology that was used to deposit all the dielectric layers was the
plasma enhanced chemical vapour deposition (PECVD).

3.2.1 Effect of different dielectrics

The dielectrics chosen to be deposited were SigNy and SiOs since in literature [104] they
are reported to be able to, respectively, suppress and enhance the amount of intermixing in
AlGaAs alloys. For what concerns the deposition parameters, both dielectrics were grown
with recipes already established for the diode fabrication process.

Sample of 2cm? were cleaved from MOCVD and MBE 4-in wafers and layers of 156 nm
SigNy or 330 nm SiOs were deposited using PECVD. These samples were then annealed for
1 minute at temperatures ranging from 750 °C to 1000 °C.

As shown in figs. 3.3a and 3.3b the SiOy cap significantly enhanced the intermixing
while SigNy cap effectively suppressed it.

Different deposition conditions are reported [127]-[130] to be able modify the amount
of intermixing due to the different structure of the dielectric, in particular a more porous
Si09 was shown to further enhance the intermixing under the same annealing conditions.
So 440 nm less compressive SiO4 layer were deposited by varying the deposition conditions
and annealed between 800 °C and 950 °C for 1 minute.

However, with a maximum A\ of 48.6 nm at 950 °C, this non-standard SiOy did not
prove to be more effective in inducing intermixing and the results were not deemed worth
the increased complexity in the deposition parameters. So it was decided to only use the
standard SiOy deposition with its consolidated and reliable recipe.
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Figure 3.3: Effect of different dielectric caps
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Figure 3.4: Wavelength shift caused by less compressive SiOs cap

3.2.2 Effect of different dielectrics configurations

The previous experiments used only a single dielectric layer to evaluate its capability to
control the quantum well intermixing. However, intermixed laser diode fabrication requires
spatial selectivity capability. So, samples of 2cm? were patterned to have side-by-side or
overlapping dielectrics in order to determine if the same wavelength shift could be observed
while providing spatial selectivity to the process. In order to maximise the wavelength shift,
the annealing condition was 950 °C for 1 minute, determined from the results shown in
fig. 3.3. To pattern the dielectric layers a mechanical mask was used during the deposition
to avoid the layer growth on roughly half the sample surface. In this way it was possible to
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realize three different dielectric configurations: SigN4-over-SiOs, side-by-side SigNy-SiOq
and SiOg-over-SigNy.

SizN4-over-SiO, structure

440nm less-compressive or 330nm standard SiO layer were patterned on the samples
through mechanical masking, then 156 nm of Si3N4 were deposited onto the whole surface.
In both cases strong delamination of SisNy4 took place during the annealing (fig. 3.5).

Figure 3.5: Delamination of SigN, from SiOs

The cause of the delamination has been attributed to the difference in the thermal
expansion coefficients of the dielectric layers. Measuring the stress caused by the each layer
on the GaAs substrate the thermal expansion coefficient has been estimated according to
[126]

Ao = ( i )AaAT (3.1)

1—vy
where Ey is the Young modulus of the thin film, vy the Poisson coefficient of the film,
o is the stress and A« is the difference of expansion coefficient between GaAs and layer.
Considering AT = 650°C between RTA and layer deposition, the expansion has been
estimated as AT - ay.

B (GPa) o (°C™')  Expansion AT -«

1-vy
GaAs - 6.86 x 106 4.459 x 1073
SisNy 370 6.172 x 1076 4.012 x 1073
SiOq 85.4 5.914 x 1076 3.844 x 1073

Table 3.1: Estimation of thermal expansion of the dielectric layers during RTA

The intermediate layer of the SigN4-over-SiOs structure expanded less than the top
layer, as seen in table 3.1, thus introducing a strong mismatch between SisN,4 film and
substrate. Therefore, to avoid the delamination, alternative structures were considered and
the pattern SigN4-over-SiO, was abandoned.
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Side-by-side structure

The side-by-side configuration consisted in the deposition of 330 nm SiOs beside 156 nm
SigNy. The samples were annealed with temperatures ranging from 900 °C to 950 °C and
no delamination took place.

Temperature (°C) Time (s) Algizn, (nm)  Aldgio, (nm)  Alnet (nm)

900 60 0.1 -0.1 -0.2
925 60 1.6 11.3 9.7
950 60 4.0 234 19.4

Table 3.2: “Side-by-side” samples with older epi-structure

This experiment proved that a spatially-selective quantum well intermixing could be
realized with regions protected by SigNy4 caps and others where the intermixing was enhanced
by the SiO5 layer, each region with its own amount of wavelength shift thus the important
parameter is the net wavelength shift AAne;. Tables 3.2 and 3.3 show the side-by-side
results achieved on two different epi-structures.

Temperature (°C) Time (s) Algi,n, (nm)  Algio, (nm)  Alnes (nm)

925 60 0.3 25.9 25.6
950 60 4.5 o7.8 53.3
950 60 -0.1 60.5 60.6
950 60 3.9 57.3 53.4

Table 3.3: “Side-by-side” samples with newer epi-structure

SiOs-over-SisN, structure

Finally the overlapping of SiOs (150 nm or 330 nm) onto SigNy (156 nm) was investigated
with samples annealed at 900 °C or 950 °C. As expected from the estimation of the thermal
expansion in table 3.1, these samples did not suffered any delamination. The measured
wavelength shift, instead, was less significant than expected due to the older epitaxial
structure that was used (table 3.4).

This series of experiments proved that it’s possible to realize a spatially-selective quantum
well intermixing with a SiOg-over-SigNy structure which simplifies the eventual fabrication
process with respect to a side-by-side configuration. However, the rapid thermal annealing
changes the SiOy structure [43], [44] in such a way that the etch rate in HF solutions
is significantly reduced therefore, to remove the layer, a dry attack becomes necessary,
followed by a O2 plasma and a de-oxidation.

3.2.3 Effect of SiO, thickness

According to literature [41], [131] the SiO thickness affects the amount of intermixing so
a series of experiments was performed to evaluate this possible degree of freedom in the
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SiO2 (nm) Temperature (°C)  Algi,n, (nm)  Algio, (nm)  Alner (nm)
150 900 0.2 2.3 2.1
150 950 3.4 21.1 17.7
330 900 0.5 1.4 0.9
330 950 2.4 15.6 13.2

Table 3.4: SiOg-over-SigNy samples annealed for 60 s

process. From table 3.4 it can be noted that, within the same epi-structure, the wavelength
shift doesn’t depend significantly on the SiOy thickness.

A few sample with overlapped dielectrics, SiOy over patterned SigNy, were prepared
to investigate the effect of the SiOy thickness and to compare their wavelength shift with
the side-by-side configuration. The SizNy thickness was kept 156 nm, while the SiOs one
varied between the samples: two had 150 nm while another two 330 nm. All samples were
annealed at 950 °C for 1 minute.

SiO2 (nm) Temperature (°C)  Algi,n, (nm)  Algio, (nm)  Alner (nm)
150 950 2.7 48.5 45.8
150 950 6.5 56.7 50.2
330 950 8.5 59.6 ol.1
330 950 3.5 494 45.9

Table 3.5: Effect of SiO9 thickness

From this run of rapid thermal annealing again no delamination was observed and
from the results reported in table 3.5 it’s possible to notice that the wavelength shift is
comparable with those in table 3.3. Therefore this experiment proved that the overlapping
of SigsN4 and SiOs does not compromise the ability of the SisNy layer to suppress the
intermixing. Moreover, under these annealing conditions, the net A\ was consistently above
40 nm and the thickness of PECVD SiO5 didn’t affect the amount of intermixing. This
difference with respect to literature has been attributed to the rapid saturation of Ga atoms
in the SiOy cap during RTA.

3.2.4 Effects of RTA conditions

Since the temperatures needed to achieve a significant intermixing are particularly elevated,
the possibility to do an annealing at lower temperatures but for longer times was explored.
Several samples were prepared with the deposition of SiOs on patterned SizN4 and the
chosen annealing conditions ranged from 850 °C and 950 °C between 1 and 5 minutes.

From this experiment it’s clear that the wavelength shift increases linearly with time,
however it was impossible to reach the desired net A\ at 850°C. Moreover annealing at
900°C for 5 minutes is not useful since the shift in the SigN,4 region is excessive.
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Temperature (°C) Time (s) Alnet (nm)

850 300 7.5
900 60 5.8
900 120 10.6
900 180 20.3
900 300 42.6
925 120 21.3
925 180 35.9

Table 3.6: A\ for different RTA conditions

3.3 Conclusions on dielectric caps

The experiments carried out on 2 cm? samples show that a wavelength shift exceeding 40 nm
can be achieved using a SiOs-over-SizNy dielectric pattern and annealing condition 950 °C
for 1 minute. This may significantly damage the material itself, however, the experiments
performed at lower temperatures for longer times did not prove satisfying for the realization
of NAMs. Therefore these conditions were transferred to a 4-in wafer for a complete
fabrication process.

3.4 ICP-Ar bombardment

In parallel to the experiments on the effects of dielectrics, the effect of Ar™ bombardment on
intermixing was investigated. An inductively coupled plasma reactive ion etching (ICP-RIE)
was used to realize two opposite conditions: high Vi, / low plasma density, high ion energy
but low dose, and, vice versa, low Vi / high plasma density. The Art bombardment
took place on bare samples and after the attack it was decided to deposit 330 nm SiOs on
half of the sample surface in order to evaluate the possibility of coupling Ar plasma and
dielectrics to eventually reduce the annealing temperature. The samples underwent rapid
thermal annealing at 950 °C for 1 minute.

Condition A/\Ar (nm) A/\SiOQ + Ar (nm)
High plasma density, low Vias 0.2 21.6
Low plasma density, high Vjias 2.9 42.6

Table 3.7: ICP-Ar bombardment with RTA 950 °C for 1 minute

These experiments were challenging since the ICP-RIE is not designed to induce such Ar™
bombardment, so the machine had trouble to keep under control the process parameters.
The results were not satisfying since the ion bombardment did not induce significant
intermixing in both samples and no cumulative effect was observed in the regions where
SiO9 was also deposited. More interestingly, in the high plasma density/low ion energy
condition, the measured AX was half with respect to the other condition. It is possible that
a very shallow slight implantation of Ar' ions took place and blocked the out-diffusion of
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Ga atoms from the material, therefore reducing the intermixing. However more experiments
are needed to demonstrate such effect.

3.5 Complete fabrication process (RD006)

From previous experiments AAs exceeding 40 nm were obtained with rapid thermal annealing
at 950 °C for 1 minute using the overlapped dielectrics. So it was decided to test the effect
on a 4-in wafer, denominated RD006, performing a complete fabrication process.

3.5.1 Wafer preparation

A single wafer (RD006) was prepared for the intermixing process. Both diodes with
and without intermixing have been fabricated on the same wafer in order to evaluate the
quantum well intermixing effectiveness on devices that underwent the same treatment.
Using electron beam lithography a mask was prepared in such a way to have non-absorbing
mirrors (NAMs) on both AR and HR facets of half the final devices.

After a first weak etching to realize alignment marks for the process, 150 nm of SigNy
were deposited onto the wafer. Through photolithography (see fig. 3.6) and RIE this first
dielectric layer was patterned in order to open the intermixing windows. Finally 156 nm of
Si04 were deposited onto the whole wafer thus realizing the dielectric overlapping.

Figure 3.6: CAD of photolithography mask, in magenta the NAM region

A stack of three 4-in (100 mm) wafers was inserted in the RTA chamber: a silicon
carrier, the process wafer and a GaAs cap onto which 500 nm of SigN, were deposited to
prevent As desorption. This proved challenging since the wafers tended to slid from one
another and no practical way was found to keep them in place.
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Figure 3.7: Rapid thermal annealing of RD006

3.5.2 Issues

Once the RTA was completed several serious issues emerged immediately: first of all the
wafers moved during the annealing as can be seen in fig. 3.8. So it’s possible that the
whole wafer did not reach the same temperature, moreover its backside was exposed thus
liberating As in the chamber.

Figure 3.8: Wafer stack after RD006 RTP

More importantly the process wafer was visibly deformed by the annealing so a bowing
measure was attempted using a mechanical profilometer. However the deformation was
beyond the measurement range of the instrument (325pum). After the removal of the
dielectric layers with RIE, the wafer had partially recovered but the deformation still
exceeded the measurement limits. The resist spinner was unable to keep the wafer under

52



3 — IFVD experimental activity

vacuum so, to continue with the fabrication process, a part of the wafer was cleaved. This
deformation significantly increased the difficulty of the rest of the process. Furthermore
cracks of 10 mm appeared from the border of the wafer toward the center.

Figure 3.9: Typical cracks extending from the border to the center of the wafer for 10 mm
after RTA

Moreover the wavelength shift measured from the cleaved part of the wafer was signif-
icantly reduced with respect to the previous experiments reaching a net A\ of 15nm as
seen in fig. 3.10.
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Figure 3.10: PL spectra from RD006

3.5.3 Diode testing

Even though the final diodes presented a significant variability in their electrical parameters
probably due to the compromised fabrication process, it was possible to select diodes of
both groups (QWI, NO-QWI) with comparable characteristics with respect to the standard
production in number sufficient to have statistical significance.
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Figure 3.11: Typical PI characteristics of QWI and NO-QWI diodes of RD006 process

The difference in the threshold current I, between the two groups, visible in figs. 3.11
and 3.12, is an indication of the effectiveness of the NAMs: in standard diodes the facets
are non-injected absorbing regions thus an higher current is needed to have laser emission,
while in intermixed diodes the same region is transparent to the laser wavelength so the
threshold current is reduced.
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Figure 3.12: RD006 electrical parameters

Finally the diodes underwent the burn-in, in which they are subjected to accelerated
aging conditions for several hours in order to eliminate the early failures. The results of
this tests were extremely noteworthy since yield of the NO-QWI diodes was 25%, while
the yield of the QWTI group was 82%. These values were below the yield of the standard
production but this was attributed to the compromised fabrication process.
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3.5.4 Results

The photoluminescence spectrum of the NAM region showed a net AA = 15nm which,
while less than expected, induced a significant reduction of the absorption profile. In fact,
as a first estimate, the material absorption profile (obtained from photocurrent measures)
is assumed to be rigidly shifted by A\ as shown in fig. 3.13. Thus the absorption reduction
was estimated to be around 96% with respect to the initial material. From this result a net
AM of 20 nm was deemed sufficient for future experiments on whole wafers.
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Figure 3.13: Estimation of the absorption profile from photocurrent measures

As previously explained, the QWI diodes presented significant differences in both
threshold current and survivability during burn-in with respect to “standard” diodes
realized from wafer RD006. So the intermixed diodes proved to be more robust than
their standard counterpart from the same wafer. Although the QWI diodes didn’t show
improvements with respect to the standard production, possibly due to the deformation
during RTA, the results were deemed promising to further investigate NAM processes.

3.6 Mechanical stability

Since the wafer RD006 was extremely deformed after the annealing, the mechanical stability
of the wafer was investigated in order to evaluate the maximum annealing temperature that
could be used both in a IFVD process and in a IID one.

Two MBE wafers were used as samples, onto the p-side of each of them a 156 nm SigNy4
layer was deposited to prevent As desorption during the process. A silicon wafer was used
as support.

As can be seen in figs. 3.14 and 3.15 the material is not deformed after the annealing
at 600 °C but at 800 °C the deformation is already beyond the measurement limits of the
profilometer (325 pm), probably sufficient to compromise the processing of the wafer.
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Figure 3.14: Wafer MBE23N with RTA 600 °C for 1 minute
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Figure 3.15: Wafer MBE23C with RTA 800 °C for 1 minute. The profilometer was unable
to complete the bowing measure in the 90°direction due to the excessive deformation of

the wafer.

3.6.1 Double dielectrics

Since the IFVD process is quite simple and can be realized using machinery readily available,
the possibility of controlling the wafer deformation through the deposition of dielectrics was
investigated. The same dielectric structure used for the RD006 process, 150 nm of SiOs
over 156 nm of SizNy, had been deposited on both sides of two wafers (RD007, RD008).
This, in principle, should compensate the stress of the dielectrics during the annealing.
Moreover, the deposition of dielectrics on both sides of the wafer made unnecessary the
use of the Si carrier wafer and of the GaAs cap wafer since the dielectrics prevented the As
desorption. Thus, to evaluate the deformation of the wafer, several measures of bowing
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were performed in different stages of the experiment:
1. before any deposition
after the SigNy4 deposition on top side

after the SigNy4 deposition on back side

B~ W

after the SiOo deposition on top side
after the SiOy deposition on back side
. after the RTA

after the removal of dielectric layers from the backside

® N o

. after the removal of dielectric layers from the topside

Finally it was also possible, thanks to the photolithography used to pattern the top SizNy
layer, to evaluate the A\ shift in the intermixing region.

Two different wafers were prepared and both underwent an annealing at 950 °C but
for different times, one for 60s and the other for 120s. However, due to a mistake while
operating the rapid thermal annealer, both samples briefly reached 965 °C. The following
measures at the profilometer showed that the bowing of the wafers was actually reduced
once the dielectrics were removed from both sides.
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El El
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(a) 0° (b) 90°

Figure 3.16: Wafer bowing with RTA 950°C, 120s

As can be seen in fig. 3.16 the wafer only slightly deformed during the annealing, reducing
its bowing from 23 pm to 12 um along one direction, and a complete fabrication process
was, therefore, considered viable. Moreover it was possible to evaluate also the A\ after
RTA as can be seen in table 3.8.

The wavelength shift in the wafer annealed for 1 minute was comparable with that of the
RDO006 process while the wafer annealed for two minutes presented an significant reduction
of the PL intensity.
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Temperature (°C) Time (s) Algizn, (nm)  Aldgio, (nm)  Alnet (nm)

950 60 4.7 20.9 16.2
950 120 9.6 42.4 32.8

Table 3.8: Intermixing with double dielectrics

3.7 Improved fabrication process (RD007, RD008)

Two MOCVD wafers, denominated RD007 and RD008, were used for an improved fabri-
cation process that makes use of the double dielectrics in order to control the mechanical
deformation during the annealing. Moreover using this procedure it was possible to com-
pletely avoid the use of both GaAs cap and Si carrier that moved during the RTA of the
RDO006 (fig. 3.8).

The annealing conditions were 950 °C for 1 minute as the RD006 process, the wafer
were prepared with the deposition of the dielectric layers on both top and backside. Finally
the top side was patterned using the mask realized for the RD006 wafer (fig. 3.6).
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1000 |1 ——— RDO0O0O7
o
£ 800
g
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Figure 3.17: Comparison of RTA processes of RD006, RD007, RD008

Before performing the annealing, a self-calibration of the machine was attempted
using a single GaAs wafer to simulate the thermal load seen in the process. However,
this procedure did not improve the temperature ramp and the wafers reached higher
temperatures, specifically 965 °C, with respect to the RD006 as seen in fig. 3.17.

To evaluate the effectiveness of the double dielectrics technique, the bowing of the wafers
was measured before and after the RTA as seen in figs. 3.18 and 3.19 and, as previous
experiments showed, the deformation was kept under control thus allowing to continue the
process without cleaving.
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As in the case of the RD006 process the diodes belonging to both groups, QWI and
NO-QWI, were characterized in terms of efficiency and threshold, as shown in fig. 3.20.
As observed in the previous process, the threshold current i, of the intermixed diodes
was lower with respect to the NO-QWI diodes, thus showing the first effects of the NAM

regions.
The yield of the burn-in test presented significant differences with respect to the RD006

process. In particular the yield of the NO-QWI diodes was 71%, therefore the process
within the production specifications. In this group COMD took place in the first 10 hours

of the test.

Figure 3.19: Bowing of wafer RD00S8
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Figure 3.20: RDO008 electrical parameters

The NO-QWTI diodes, instead, presented a yield of 78% with the first COMD almost
at the end of the burn-in test. The results look promising and further reliability tests are
ongoing.

60



Chapter 4

IID preliminary considerations

The quantum well intermixing induced by dielectric caps gave promising results, but the
required temperature to achieve AX = 15nm on 4-in wafers was deemed too extreme. So
the impurity-induced disordering (IID) was considered as an alternative process, in order to
obtain a similar or greater blueshift at lower temperatures due to vacancy generation closer
to the quantum well. The simulations reported in this chapter were used to determine the
IID conditions of future ion implantation experiments.

The IID process is realized through an ion implantation and the main parameters of
this approach are

o the implanted species;

e the implantation energy;
 the ion dose;

e the annealing conditions.

Since this process should not introduce recombination centers inside the NAM region, the
best choice is to implant atoms already present in the crystalline matrix, in particular
As ions. From literature [132] the minimum dose to have an appreciable intermixing was
10'3 ions/cm? so several simulations have been performed to evaluate the vacancy profile
caused by the implantation followed by RTA. These results have been compared with the
simulations carried out in the implanting facility of Surrey University (its equipment is
shown in fig. 4.1). The implantation energy determines the depth at which As are implanted
but, if the energy is excessive, can also form non-radiative recombination centers or causing
unacceptable damage in the epitaxial structure.

Since the compositional intermixing is mediated by the diffusion of III-group vacancies
during RTA, a comparison between the vacancy profiles obtained with IFVD or IID can
give an insight on the efficiency of quantum well intermixing.

The IID investigation is carried out in cooperation with the implanting facility of Surrey
University which provides both simulations of the introduced vacancy profiles and performs
the ion implantation.
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Figure 4.1: Surrey 2MeV implanter (up to 4 MeV if double ionized atoms are used)

4.1 SRIM simulations

The software SRIM [133] was used to evaluate the conditions to be used in an IID process
on a simplified epitaxial structure. The main parameters were the ion energy, the generated
vacancy profile and its diffusion in order to compare the IID process with the IFVD one. The
IFVD reference is the simulation shown in fig. 2.13 which gave around 107 vacancies/cm?®.

4.1.1 Implantation depth

The implantation energy determines the depth reached by the As ions during the implan-
tation and controls also the generated vacancy profile. Since the implantation may cause
unrecoverable crystalline damage to the structure, it’s desirable to use an energy as low as
possible and exploit the vacancy diffusion to reach the quantum well.

[\

Projected range (pm)

2 4 6 8 10
Energy (MeV)
Figure 4.2: SRIM implantation range in GaAs
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The implantation depth as function of ion energy is shown in fig. 4.2. In order to avoid
the implantation of As directly in the quantum well layer but, at the same time, to allow
vacancies to reach the well with a RTA at lower temperature, the most interesting energy
was between 2 and 3 MeV.

4.1.2 Generated vacancies

The vacancy profile caused by As ion implantation can be estimated using the SRIM.
These simulations have been performed varying the energy in 2 MeV + 3 MeV and for three
different doses.
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Figure 4.3: SRIM vacancy profiles
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4.1.3 Vacancy diffusion

The SRIM vacancy concentrations shown in fig. 4.3 were diffused to consider the effect of
RTA conditions and the profiles at the quantum well depth were compared with the IFVD
process at 950 °C. The diffusion is assumed to follow

0 D 0?

&V(Z’t) = U@V(z,t) (4.1)
with diffusion coefficient given by D, (T') = 2.886-exp(—2.72/kgT) cm? /s [99]. This partial
differential equation(PDE) was solved numerically using FEM as explained in appendix B
with RTA 800 °C for 60s.

From the comparison of fig. 2.13, fig. 4.4 and table 4.1 it’s evident that both the amount
and flux of vacancies generated in the IFVD process is extremely reduced with respect to
the IID one. So it may be possible to use much lower annealing temperatures since the
vacancies are much closer to the quantum well.

Dose (ions/ch) V(dqw) at 2MeV  V(dqw) at 2.5MeV  V(dqw) at 3MeV

1 x 103 2.2x10%° ¢cm ™3 1.2 x 10** cm ™3 2.2 x 10%* cm™3
5 x 1013 1.1 x 10** cm ™3 6.1 x 10%! cm™3 1.1 x 10?? cm ™3
1 x 10t 2.2x10% cm ™3 1.2 x 10*2 cm 3 2.2x10%2 cm™®

Table 4.1: SRIM vacancy concentration at quantum well depth after annealing at 800 °C for
60s. These values must be compared with V(dqgy) = 6 x 101 cm™3 of the IFVD process.

4.2 Experiment preparation

The SRIM results were compared with the simulation performed at the implanting facility of
Surrey University to understand if a more detailed computation confirms the evaluation of
the vacancy profiles. From figs. 4.5a to 4.5¢ it’s possible to notice the SRIM overestimated
the concentrations by two orders of magnitude.

The vacancy profiles obtained from Surrey University were diffused under the same
conditions of the SRIM concentrations and in the quantum well region the vacancies
introduced by IID are confirmed to exceed by orders of magnitude the IFVD ones as seen
in fig. 4.6.

Dose (ions/ch) V(dow) at 2MeV  V(dqw) at 2.5MeV  V(dqw) at 3MeV

1x 103 1.3 x 10" cm ™3 3.6 x 102 cm ™3 4.3 x 10'° ¢cm ™3
5x 1013 6.1 x 102 cm ™3 1.7 x 10*° cm ™3 2.2 x 10%° ¢cm 3
1x 10 1.2 x 10%° cm ™3 3.5 x 10%° cm 3 4.3 x 10%° ¢cm ™3

Table 4.2: Surrey vacancy concentration at quantum well depth after annealing at 800 °C for
60s. These values must be compared with V(doy) = 6 x 10'¢ cm™3 of the IFVD process.

From these considerations the chosen implantation conditions were 2 MeV and 3 MeV,
each with two doses, 10'3 and 10'* ions/cm?. Preparing the 4in-wafers for the experiment
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Figure 4.4: Diffusion of SRIM vacancies with RTA 800 °C for 60s. The dashed line represents
the quantum well depth

requires both a 300 nm SigNy layer to prevent superficial damage and a hard mask to stop
the As ions, thus providing spatial selectivity to the quantum well intermixing process.
To determine the thickness of the hard mask new simulations were performed and
showed that with 300nm of SizgN4 and 1.5 um of Au the As ions are unable to reach the
epi-structure as seen in fig. 4.7.
The hard mask is realized using titanium (Ti) and gold (Au) grown over the SigNy layer.
In particular:
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Figure 4.5: Vacancy profiles, courtesy of Surrey University

e 30nm-Ti/100 nm-Au deposited by evaporation to improve adhesion of electroplated
Au;

e > 1.5um of Au grown by electroplating;

However, due to the SigNy protective layer, additional simulations were carried out to
verify that the vacancy concentration doesn’t change dramatically as seen in fig. 4.8.

Therefore the structure to be used in the experiment is shown in fig. 4.9

It was decided to prepare several wafers to evaluate the following implanting conditions:

o energy 2MeV, dose 1 x 10'3ions/cm?
o energy 2MeV, dose 1 x 10'*ions/cm?
o energy 3MeV, dose 1 x 10'3ions/cm?

o energy 3MeV, dose 1 x 10'*ions/cm?
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Figure 4.6: Diffusion of Surrey vacancies with RTA 800°C for 60s. The dashed line
represents the quantum well depth

After the implantation, both the Au mask and the SigNy protective layer will be removed.
Samples will be cleaved from the wafers and, after the deposition of SizNy layers, they will
be used to determine the optimal annealing conditions with temperatures ranging from
750°C and 850 °C. Finally a whole fabrication process will be completed using these wafers
and, from the resulting diodes, the different IID conditions will be compared.
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Figure 4.7: As implantation range in Au hard mask. The dashed line represent the surface
of the SizNy layer
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Figure 4.9: Structure for the IID process

68



Chapter 5

Experimental results

In the following sections the most significant measurements are reported: the thermal
stability of the bare material, a comparison between side-by-side and SiOs-over-SigNy
dielectric structures and measurements on whole wafers.

5.1 Thermal stability
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Figure 5.1: Example of PL measure on bare MBE side samples. The dashed line represents
the initial PL emission wavelength

In fig. 5.1 is shown the increasing wavelength shift in MBE sample without dielectric caps.
This experiment showed that the intermixing induced only by RTA reached up to 28.4nm
(45meV) at 1000 °C. This results made clear that, to achieve significant intermixing in the
NAM region while keeping the A\ in the cavity unchanged, techniques such as IFVD and
IID were required.
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5.2 Samples with patterned dielectrics

The measurements shown in figs. 5.2 and 5.3 presented respectively Algio, = 56.7nm =
97.7meV, Algio, = 60.5nm = 105.2meV after annealing at 950°C for 60s. Although
in literature [18] the reported wavelength shift were up to 130 meV, this experiment still
showed a significant intermixing without compromising the SisNy4 protected region.
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Figure 5.2: SiOg-over-SigN, sample with AAnes = 50.2 nm
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Figure 5.3: Side-by-side sample with AAne; = 60.5 nm

Moreover the two dielectric configurations proved to be almost equivalent, but the
Si09-over-SigNy structure was preferred to simplify the fabrication process. Moreover, using
these annealing conditions, A\ in excess of 40 nm were consistently achieved.
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5.3 Whole wafers

The main results obtained on whole wafers were the control of the deformation during
RTA, the wavelength shift and the performance of diodes with NAMs. More specifically
the improved mechanical stability allowed to complete the whole-wafer fabrication process
without cleaving part of the wafer and the measured wavelength shift corresponds to a
significant reduction in the absorption of the NAM regions.

5.3.1 Mechanical stability

Wafers used to deform during RTA, possibly due to temperature gradients on the wafer
caused by non-uniformity in the illumination within the RTA chamber.
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Figure 5.4: Wafer bowing

Depositing dielectric layers on both top and backside of the wafers, as explained in
chapter 3, made possible the strong reduction of the deformation as seen in fig. 3.18 (figure
duplicated here as fig. 5.4 for clarity). With this technique the wafers remain almost flat
and manufacturable without complication for the fabrication process and also avoiding
the desorption of As atoms from the material during RTA. It’s also possible that properly
configuring the rapid thermal annealer the deformation of the wafer could be completely
avoided.

Even though the wafers are, in this way, able to mechanically withstand temperatures
in excess of 950 °C, the current research is now focused on the IID process since it promises
to achieve even greater intermixing with much lower temperatures. Moreover heating a
InGaAs/AlGaAs at 950 °C may induce unwanted defects in the material so it should be
possibly avoided.
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5.3.2 PL shift

The wavelength shift measured on whole wafers was less than expected from the preliminary
experiments on small samples, reaching only 15nm (20.6 meV) on the RD006 wafer and
16.2nm (22.1meV) on the RD007 wafer. This is significantly less than the results reported
in refs. [18], [20], [134]. A possible explanation is that the rapid thermal annealer was unable
to reach 950 °C uniformly on the whole wafer due to the absence of graphite susceptors.
This issue is currently under investigation.
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Figure 5.5: PL measurements on whole wafers

Even though the AX was relatively small, the absorption reduction was estimated to be
around 96% with respect to non-treated material. Both wafers in fig. 5.5 were annealed
at 950 °C for 60s and, depositing dielectrics on both top and backside, the flatness of the
wafer RD0O07 was significantly improved with respect to the wafer RD006. In fact the
deformation of wafer RD007 did not compromise the fabrication process.

5.4 Performance of intermixed diodes

The diodes from the RD006 process were characterized and their PI characteristic was
measured under pulsed and CW operation.

In fig. 5.6 the PI characteristic was measured under pulsed operation in almost adiabatic
conditions and around 30 W were achieved at 28 A. Comparing with ref. [18], in which
25.6 W were reached in pulsed (10 ps) operation with 28 A, the PI achieved in this work is
slightly greater.

The diodes were then mounted on carriers and their characteristic was measured in
CW operation, resulting in more stressing conditions due to the heating of the diodes. In
this case only 50% of the NO-QWI diodes survived the test while all the QWI diodes
successfully passed it.

Finally, diodes from both groups underwent burn-in tests and, as previously showed,
82% of the QWI diodes passed the test while the NO-QWT ones showed a yield of 25%.
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Figure 5.6: RD006: PI measurement under pulsed operation

The RD008 process, in which the deformation during RTA was kept under control
through the deposition of dielectric layers on both side of the wafer, was completed and
diodes from both QWI and NO-QWTI groups underwent the burn-in tests. The NO-QWI
devices presented a yield of 71%, thus within the production specifications, with COMD
taking place in the first 10 hours. Finally, QWTI diodes had an yield of 78% and the first
COMD took place almost at the end of the test. So the NAM devices showed an increased
resistance with respect to standard ones from the same wafer in a non-compromised process.

73



Conclusions and future work

The aim of this thesis was the investigation of different techniques to realize non-absorbing
mirrors (NAMs) in InGaAs/AlGaAs high power-laser diodes, with a particular attention for
the eventual integration of this technology in the current industrial production. From the
study of literature three different approaches to induce compositional disordering have been
selected: impurity-free vacancy diffusion (IFVD), Ar plasma bombardment and impurity-
induced disordering (IID). In particular the IFVD process, due its simplicity, was the most
promising technique.

The effect of quantum well intermixing has been evaluated on samples of 2 cm? using
room temperature PL measurements in order to determine the optimal process parameters
and annealing conditions to achieve the maximum intermixing, while striving to maintain
compatibility with the current production process. The main investigated parameters were
the dielectric material used for the cap, its thickness, the dielectric pattern and the RTA
conditions.

The optimal process conditions were determined to be a SiOs-over-SigNy dielectric
structure, both layers with thickness around 150 nm and annealing for 60s at 950 °C. These
conditions allowed to consistently reach over 40 nm shift of the PL wavelength in region
covered only by the SiOq layer, while in those with the SiOs-over-SigNy structure the A\
did not exceed 5nm. These conditions were transferred to whole 4-in wafers and a complete
fabrication process was carried out to evaluate the effectiveness of the NAM regions in the
high-power laser diodes.

The wavelength shift was inferior to the expectations, achieving only AAne; = 15 nm, but
it allowed the realization of NAM with 96% reduction of the absorption at the laser emission
wavelength. Moreover, the wafer presented a significant deformation which compromised
the fabrication process. Although several issues were present, the NAM devices were able
to reach around 30 W at 28 A under pulsed operation.

Adjustments to control the wafer deformation were investigated and a new whole-wafer
process was carried out. These adjustments improved the mechanical stability of the wafers
during RTA without complicating the fabrication process. This, in turn, makes possible
to continue the investigation of quantum well intermixing using IID as an alternative
technique.

The ongoing and future work is mainly focused on IID, using high-energy As* implan-
tation, possibly coupled with IFVD [132]; however other investigations can prove useful
to increase the catastrophic optical mirror damage (COMD) threshold in high-power laser
diodes. In particular improving the IFVD process by increasing the wavelength shift seems
possible: reducing the intermixing in SigN4-protected region through an oxygen plasma
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treatment [93], [135], [136] would allow to achieve greater AAnet while also reducing the
wavelength shift in the nominally non-intermixed regions. Another improvement to the
IFVD process would be using sputtering, instead of PECVD, to deposit SiOs that in
literature [137] is reported to achieve greater A\ with lower RTA temperatures. Another
possible investigation area would be using only SigNy layers both to suppress and enhance
the intermixing according to the deposition conditions [18], [49]. Finally, other possibilities
could be photo-absorption induced disordering (PAID, p-PAID), that was used in academia
to achieve quantum well intermixing in InGaAsP materials [87], [138], and using multiple
RTAs [139].

In conclusion the results obtained during this thesis were promising and the research is
continuing to achieve more effective NAMs without compromising nor excessively compli-
cating the current fabrication process.
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Appendix A
Equipment

A.l1 RF-PECVD

The plasma enhanced chemical vapour deposition (PECVD) is a widely used deposition
technique that allows the growth of amorphous and micro-crystalline thin films at low
temperature.

The equipment, schematically represented in fig. A.1, consists of

e a vacuum chamber with a basis pressure in the low le-4mTorr, in which reactive gases
are injected with a controlled flow;

« two electrodes inside the chamber at which a RF (radiofrequency) potential, usually
13.56 MHz is applied.

RF input power

Plasma

| " Wafer

s Electrode

~~

st
[| |

I I I I Heater

Gas inlet Gas outlet

Figure A.1: PECVD schematic representation

The RF potential is used to ignite and sustain the cold plasma between to parallel
electrodes. The precursor gases injected in the chamber are excited to plasma state forming
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radicals that react together and the resulting compound is deposited to both reactor walls
and substrate. The characteristics of the deposited film depend on the deposition conditions,
in particular on the RF power and frequency, partial pressures of the gases, gas flows, etc.
The stress of the film can be controlled using a second generator at 108 kHz.

This technique is an improvement on the traditional chemical vapour deposition (CVD)
since the energy needed for the reaction is given only partially by the substrate heating, but
more significantly by the plasma state which provides the ionization of the gases. In this
way it’s possible to realize depositions at much lower temperatures, which is fundamental
for processes on III-V semiconductors.

In this work the PECVD shown in fig. A.2 has been used to deposit both SigsN, and
SiO5 obtained from the reaction of silane SiHy, nitrogen Ny and nitrous oxide N5O.

Figure A.2: PECVD

A.2 RIE and ICP-RIE

The reactive ion etching (RIE) is a dry etching technology where a RF potential is used to
excite the formation of a plasma. Reactive gases injected into the chamber are excited to
plasma state forming neutral and ionized radicals thus realizing both chemical and physical
etching of the material. Applying a bias potential to the electrodes it’s possible to have an
highly anisotropic etching. The interaction between substrate and neutral radicals forms
volatile compounds removed by the pumping system.

The inductively coupled RIE (ICP-RIE) allows to control independently the plasma
density and the ion acceleration. The ICP coupling exploits the fields (magnetic and electric)
generated by a RF current flowing in a solenoid and the resulting plasma densities can be
increased by a factor 10* while the independent ion acceleration is achieved by applying a
RF bias. In this way it’s possible to have conditions such as high plasma density but low
ion bombardment and vice versa.
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a) RIE o (b) ICP-RIE

Figure A.3: Reactive ion etching equipment

In this work the RIE (fig. A.3a) has been used extensively to prepare samples for the
photoluminescence measure while the ICP-RIE (fig. A.3b) was used to investigate the
intermixing induced by Ar™ bombardment.

A.3 Rapid thermal annealing (RTA)

The rapid thermal annealing (RTA) uses lamp heating to rapidly heat wafer to extremely
high temperatures, exceeding 1000 °C, with ramps of 150°Cs~!. In this way the processing
time is extremely reduced with respect to to more conventional annealing furnaces which,
in turn, limits the redistribution of dopant atoms in the material. However it’s also possible
to have excessive temperature gradients across the wafer that may result in a significant
deformation. This equipment was initially developed for ion implantation since it allows
both to activate the dopants and to recover the crystalline damage. It can also be used for
thermal oxidation, silicide formation and other applications.

- [ mmmm:‘zﬁm
900 000I00[00@
- Wate [t

e e
focoocodinoooly=
L Quartz tray E\/U \— Lamps :::Ztleerd_

Pyrometers

Figure A.4: RTA schematic representation from http://www.iue.tuwien.ac.at/phd/
hollauer/nodei13.html

RTP systems consist generally of tungsten-halogen lamps that act as heat sources and
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placed all around the process wafer in order to have a good uniformity in the heat treatment.
The temperature can be measured by thermocouples in direct contact with the wafer or
optically using pyrometers.

In this work RTA has been extensively used to activate the compositional intermixing
caused by IFVD using ramps of 25°C/s under Ny flow.

Figure A.5: Rapid thermal annealer from www.ssi-rtp.com

Since As atoms tend to evaporate from the material at temperatures around 950 °C, the
process wafer is sandwiched between a Si carrier and GaAs with a SigNy cap.

A.4 Filmetrics

The Filmetrics shown in fig. A.6 is an instrument used to measure thin-film characteristics
from the spectral reflectance of the sample, in particular thin-film thickness and refractive
index. This technique is non-destructive, requires little sample preparation and it’s very
accurate measuring single layer or multilayers with layer thickness greater than 50 nm,
otherwise the spectral reflectance measure may be unable to give a satisfactory result.

Figure A.6: Filmetrics
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In this thesis the instrument has been used to evaluate the thickness of deposited SiOg
and SigNy thickness ranging from 150 nm up to 500 nm.

A.5 Photoluminescence (PL)

Photoluminescence (PL) is a measurement technique for the optical characterization of
semiconductor materials evaluating the bandgap and the defectivity of the crystal. Its
principle is the absorption of incident light with energy higher than the bandgap which excites
electrons from the valence band (VB) to the conduction band (CB). These electrons go
through thermalization and reach the bound states of the quantum well under analysis, finally
photons are emitted through radiative recombination and collected. Using a monochromator
a spectral measurement is performed while the PL intensity is related to the defectivity of
the material.

In this work PL has been used to evaluate the wavelength shift caused by the compo-
sitional disordering by measuring the PL spectrum. This requires the removal of 1pm of
p-doped absorbing material from the sample in order to enhance the radiative recombination
in the quantum well layer. The used experimental set-up consists of a visible laser source
used to excite the PL, a monochromator to measure separately each spectral component
and a photodetector. A lock-in amplifier is used to detect low photocurrent signal.

A.6 PL set-up

Figure A.7: Photoluminescence set-up

The PL set-up shown in fig. A.7 has been used in this thesis to perform single-point
measurements of PL spectra. It consists of a visible laser source emitting around 660 nm, a
chopper connected to a lock-in amplifier, a camera for the alignment of the sample and a
monochromator for the spectral analysis.

A.6.1 Spatially-resolved photoluminescence

In intermixed wafers for high-power laser fabrication the wavelength shift needs to be
spatially localized, so a measurement set-up for the PL-map was developed. It consists of a
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808 nm laser source, a monochromator controlled with an Arduino board and a XY-translator
for the sample movement.

Figure A.8: Experimental set-up without the XY-translator

Arduino-controlled monochromator

A monochromator Jobin-Yvon HR250 was available for the experimental set-up, controlled
by a stepper motor with step angle 0.36°and pulse-per-second PPS = 0 =+ 280. In order to
automate spectral measurements it was decided to control its stepper motor through an
external Arduino board.

The Arduino was programmed to receive as input the number of steps and to send a
digital signal to a stepper motor driver TB6600 (fig. A.9). In this way it was possible
to interface the device with a LabView program which controls both the monochromator
movement and the measurement instruments.

Calibration

Once it became possible to control the monochromator movement using a LabView program,
the instrument needed to be calibrated using sources of known wavelength: a 632.8 nm
He-Ne laser and a 780 nm semiconductor laser.

Therefore the system was configured to acquire photocurrent from a photodiode as a
function of the number of steps made by the motor from a reference laser source as seen in
fig. A.11. In order to do a linear fit three peaks were measured corresponding to the first
two harmonics of the He-Ne laser and the first harmonic of the semiconductor laser.

From fig. A.12 the calibration curve of the monochromator was determined using a linear
fit

Az) = 40.146 pm/step - = + 341.24nm (A1)
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Figure A.9: Stepper motor control with Arduino board

Figure A.10: Monochromator controlled by Arduino
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Figure A.11: Monochromator calibration
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Figure A.12: Monochromator calibration curve A(z) = 40.146 pm/step -  + 341.24 nm
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Finite element method

The finite element method (FEM) is a numerical technique used solve a wide spectrum
of problem described by partial differential equations (PDEs), ranging from structural
mechanics to electromagnetics. The solution of the problem is approximated as a system of
algebraic (steady-state problems) or ordinary differential equations (transient problems)
obtained from the discretization of the domain. In this way FEM can handle complex
geometries with relative ease and include local effects.

In this work FEM has been used to solve both eigenvalue problems, the 1D-stationary
Schrodinger equation [140], and transient problems [141] in the form of diffusion equation.

B.1 Basics

The stages involved in the FEM solution of PDEs can be described as follows:

1. identify the PDE associated with a physical phenomenon and the relevant boundary
and initial conditions;

2. express the PDE in an equivalent integral form known as weak formulation;
3. discretize the weak form over the domain of interest;
4. solve a system of ODEs or algebraic equation.

As an example, the FEM procedure is applied to the following 1D-problem defined in
the interval [0,1]

—u"(x) = f(x) (B.1)

The known term f(z) is assumed to square-integrable in (0,1) that is
! 2
f(x) € L2(0,1) H/ f(@)2 dz < oo
0

which implies the continuity of both u and u’ is this domain.
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B.1.1 Weak formulation
The solution of variational problem, which is approximated using FEM, belongs to the
Sobolev space defined as

LN 2
Hk(O,l):{u(:c):/ ‘u(’)(x)‘ dz < oo, Ogigk}, kE>1
0

so u and all its derivatives up to the k — 1 order are continuous in (0,1).

Equation (B.1) can be reformulated in an integral form (weak form) by multiplying
each term with a test function v(z) also belonging to the H'. Depending on the boundary
conditions (Dirichlet boundary conditions), v instead can belong to the subset of H! where

v(0) =v(l) =0.

_ /01 u’ (2)v(x) de = /01 f(z)v(x)de

Applying the integration by parts the weak formulation is derived

= /01 f(z)v(x)de (B.2)

So the test function v acts a weight function and the problem is relaxed to an averaged
version of the initial PDE and the solution u is searched in H'(a, b).

1 1
/ o (z)0 (z) de — o (z)v(x)
0

B.1.2 Galerkin discretization

Since a numerical solution is searched, it is not possible to use the infinite-dimension Sobolev
spaces H? and H' but the solution space is restricted to their finite subspace H}. Therefore

the Galerkin discretization can be obtained as follows
1
[t - | = [ s (B.3)
where h > 0, h — 0 so that u =~ u;, and v =~ vy,
Since both uj, and vy, belong to the linear space H} they can be expressed as a linear

combination of basis elements ¢; ; where N is the number of subintervals of the spatial
mesh:

N

u(z) =~ zp(x) = ch%‘(fﬂ)
v

v(x) = op(x) = Z cipi(x)
i=1

so the eq. (B.3) is now finding the proper coefficients {c;}.

i /0 x)dx — Zc]gpj

N 1 )
:E/O f@)pi(r)de Vi=1:N (B.4)
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This equation can be equivalently cast in matrix form

[K{u} = {[}

where [K] is called stiffness matrix and all its element are the result of an integral.

B.1.3 Piecewise polynomial approximation

The basis elements ¢ in eq. (B.4) belong to H} C H' and, in order to reduce the computa-
tional complexity in the assembling of each matrix element, the stiffness and mass matrices
should be highly sparse, meaning the basis elements must have very small support. So a
proper choice of the basis will simplify the evaluation of the matrix elements.

Several possible choices exist, the simplest being the Lagrangian basis which belongs to
the space of piecewise polynomial functions. In this work only the 1st order polynomials
have been used and they are given by

Z29—2Z
()= f e AEESE
0 else

Z—Zi1 ) )
Tz, i1 <z<z
) — . . . Zi41—%2
Vi=2:N pi(2) = s A S S zin
0 else
Z—ZN
= av<z<znh
pra1(2) = § BN
0 else

which make the stiffness matrix tridiagonal, symmetric and positive definite.

11
¥1 PN+1
X
S-
0 <1 Zi—1%i  Zi+1 ZN ZN+1

z

Figure B.1: 1st order Lagrangian basis

So the solution u is approximated in each mesh element assuming by the basis functions
interpolate the unknown variables, schematically represented in fig. B.2.
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Solution+ ===+ True solution
—— Approximate solution
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Figure B.2: Schematic representation of the FEM approximation

According to the chosen basis the error can be estimated as

lu = unll = O(*)

B.2 Stationary Schrodinger equation

The bound states of a finite potential well can be determined solving the 1D-stationary
Schrédinger equation according to the FEM procedure explained previously. So the PDE is
expressed by

ZN

Ko (1 o 1 oy
_<m*82 =0 (B.5)

2 0z m* 0z

where effective mass m”*, potential U and wavefunction ¢ depend on the position z. The
eigenvalues F, of this equation are the bound state energies of the quantum well. The weak
formulation is obtained multiplying with the test function v(z) belonging to H!(a,b) and
integrating over the whole domain with homogeneous Neumann boundary conditions

) + U = Eptp —

21

h2 o(1 0
=F
az(m 8¢>Udz+/ Uyvdz /i/mdz
1 oyl
m*&a_o

Also homogeneous Dirichlet boundary conditions could be used, however this requires an
additional manipulation of the final matrices. Finally applying the integration by part the
variational form is derived:

2 b 1
U —a—w@d +/ U@Zmdz—E/ Yudz (B.6)
2 Jo m* 0z 0
This equation is then discretized
R? b1
7%%01 +/ Uz/zhvhdz—E/ bon dz (B.7)
2 o m* 0z 0z
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where h > 0, h — 0 so that ¥ = ¢y, and v = vy,.

Since both 1, and vy, belong to the linear space H} they can be expressed as a linear
combination of basis elements ; ; where NN is the number of subintervals of the spatial
mesh:

P(2) = Yn(z) = Z:Cj%‘(z)

N
v(2) ~ vp(z) = Zcz‘%‘(z)

which leads to
N b1, N b N b '
Ech/ ﬁcpjcpiderch/ ngjgpidz:Ech/ pjpidz Vi=1:N (B.8)
=1 ¢ =1 7 j=1 7

Restricting (B.8) within a single mesh element and assuming that the effective mass and
the potential are constant in each element

K2 N N N
Sy ch/goggog dz—&—chUe/gojgpi dz = Ech/gojgoi dz Vi=1:N (B.9)
= e =1 e

€ j=1 €
This equation can be equivalently cast in matrix form

h2

*
2m

(K], + Ue[M), ){es}, = EIM] fej},

and by summing over the mesh elements a generalized eigenvalue problem is finally obtained

>

where [K] and [M] are, respectively, stiffness and mass matrix.
Using 1st order Lagrangian polynomials as basis functions each mesh element contributes
to these matrices with

h2

*
2m}

(17, + Ue[me)) {0}, = BY. M {c), (B.10)

where [, is the length of each mesh element.

B.3 Diffusion

The diffusion equation is solved using the method of lines, in which the spatial variable is
discretized using FEM and the time variable is left continuous thus leading to a system of
ordinary differential equations (ODEs).
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Considering the following diffusion equation and its boundary conditions in the domain
[0, d]

Doty = pL i (B.11)
o\ 922\ ’

0

. — < .
5:0(0] =0 <o (B.12)
0

— p— < .
5:0=0] =0 vi<0 (B.13)
C(z,t =0) = Cp(z) Vzx (B.14)

The weak formulation is given by

4 9C dv
—ovdz=-D | ——dz B.15
0 v / 0z 0z ( )
thus discretizing the space variable
80 Op; &pz ,
= / pipidz = —DZ / 8; 82 i=1:N (B.16)

Equation (B.16) can be expressed in matrix form

0
[M] 5, {c} = =D [K]{c} (B.17)
with [K] and [M] respectively stiffness and mass matrix. So a system of ODEs has been
obtained which approximates the original transient problem. To solve each ODE several

numerical methods are available, in this work the time variable has been approximated
using the Crank-Nicolson method [142] so eq. (B.17) can be expressed as

(g0 + 31K (G} = (5,001 - 5181} 4G} (B15)
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Experiments summary

Wafer T (°C) t (min) Dielectrics SigNy (nm) SiOg (nm) Alnet (nm)

MOCVD (9) 800 1 - - - 0.4
MOCVD (9) 850 1 - - - 1.5
MOCVD (9) 950 1 - - - 21.4
MBE (10) 850 1 - - - 0.1
MBE (10) 900 1 - - - 4.3
MBE (10) 950 1 - - - 11.7
MBE (10) 1000 1 - - - 28.4
MOCVD (9) 750 1 - - 330 0.1
MOCVD (9) 800 1 - - 330 1.1
MOCVD (9) 850 1 - - 330 2.9
MOCVD (9) 900 1 - - 330 9.8
MOCVD (9) 950 1 - - 330 53.3
MOCVD (9) 1000 1 - - 330 94.6
MOCVD (9) 800 1 - 156 - 0.4
MOCVD (9) 850 1 - 156 - 0.7
MOCVD (9) 950 1 - 156 - 4.2
MBE (10) 850 1 - - 150 1.0
MBE (10) 900 1 - - 150 8.5
MBE (10) 950 1 - - 150 50.2
MBE (10) 1000 1 - - 150 66.8
MBE (10) 850 1 - 156 - 0.1
MBE (10) 900 1 - 156 - 1.7
MBE (10) 950 1 - 156 - 4.8
MBE (10) 1000 1 - 156 - 14.7
MOCVD (9) 800 1 - - 330 (T) 1.3
MOCVD (9) 850 1 - - 330 (T) 1.3
MOCVD (9) 900 1 - - 330 (T) 9.6
MOCVD (9) 950 1 - - 330 (T) 48.6

Table C.1: Thermal stability and single dielectric
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Wafer T (°C) t (min) Dielectrics SisNy (nm) SiO2 (nm)  AMnet (nm)
MOCVD (7b) 900 1 side-by-side 156 330 -0.2
MOCVD (7b) 925 1 side-by-side 156 330 9.7
MOCVD (7b) 950 1 side-by-side 156 330 194
MOCVD (10) 925 1 side-by-side 156 330 25.6
MOCVD (10) 950 1 side-by-side 156 330 53.3
MOCVD (10) 950 1 side-by-side 156 330 60.6
MOCVD (10) 950 1 side-by-side 156 330 53.4
MOCVD (7b) 900 1 SiOs-over-SizNy 156 150 2.1
MOCVD (7b) 950 1 SiOs-over-SizNy 156 150 17.7
MOCVD (7b) 900 1 SiOq-over-SizNy 156 330 0.9
MOCVD (7b) 950 1 SiOs-over-SizNy 156 330 13.2
MOCVD (10) 950 1 Si04z-over-SigNy 156 150 45.8
MOCVD (10) 950 1 Si04-over-SigNy 156 150 50.2
MOCVD (10) 950 1 Si04-over-SigNy 156 330 51.1
MOCVD (10) 950 1 Si04-over-SigNy 156 330 45.9

Table C.2: Dielectric pattern

Wafer T (°C) t (min) Dielectrics SigNy (nm) SiOz (nm)  Adnet (nm)
MOCVD (10) 850 ) SiOz-over-SigNy 156 150 7.5
MOCVD (10) 900 ) SiOz-over-SigNy 156 150 42.6

MBE (10) 900 1 SiOz-over-SigNy 156 150 5.8

MBE (10) 900 2 SiOz-over-SigNy 156 150 10.6

MBE (10) 900 3 SiOz-over-SigNy 156 150 20.3

MBE (10) 925 2 SiOz-over-SigNy 156 150 21.3

MBE (10) 950 3 SiOz-over-SigNy 156 150 35.9
Table C.3: RTA conditions: temperature T and time t

Wafer T (°C) t (min) Dielectrics SigNy (nm)  SiOg (nm)  Adnet (nm)
RDO006 (10) 950 1 Si0z-over-SigNy 156 150 15
MBE_A (9) 950 1 Si04z-over-SigNy 156 150 16.2
MBE_B (9) 950 2 Si0z-over-SigNy 156 150 32.8

RDO007 (9) 950 1 Si04z-over-SigNy 156 150 -
RDO008 (9) 950 1 Si04-over-SigNy 156 150 -

Table C.4: Whole 4-in wafers
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Listings

D.1 Arduino code to control the stepper motor

#include <math.h>

// defines pins numbers

const int stepPin = 5;
const int dirPin = 2;
const int enPin = §;
const float k = 1;

const float Epsilon
const float pps = 280;
float CurrentPosition;

0;

void setup (){
Serial .begin (9600);
// Set pins type and status
pinMode(stepPin, OUTPUT);
pinMode (dirPin , OUTPUT);
pinMode (enPin, OUTPUT);
digitalWrite (enPin, HIGH);
// Set starting wvariables
Serial . primt (" /s s ok skoskok sk ok sk sk ok sk kok sk ok sk ok sk ok sk ROk sk ROk kR ok kR ok kR okokok /\ " ) 5
Serial.print ("LouuuuuuouOpengprogram o \n");
Serial.print ("Current position,[nm]:_");
while (Serial.available()==0) {

CurrentPosition = Serial.parseFloat ();

Serial.print (String (CurrentPosition) +

cnm\n");

}

void loop (){
float Error;
float timel, time2;
long int Num_ steps;
float parsed Pos_nm, Pos nm, fNum_ steps;

// Configure movement

Error = Epsilon;
Serial . Prinmt (" /s ook s okok ok ok ook ok o ok ok ok ook ok ok ok ok ok ok kR ok oR Rk ok ok Rk ok ok /\ ")
Serial.print ("Insert, position_ to_be,reached [um]:.");

while (Serial.available()==0) {

parsed_Pos_nm = Serial.parseFloat ();

Pos_nm = parsed_Pos_nm * 1000;

Serial.print (String (Pos_nm) + "/ nm_ \n");

fNum_steps = CalibrationCurve (k, Pos_nm—CurrentPosition);
Num_ steps = NumberOfSteps (fNum_steps, Error);

Error = StepError (fNum_steps, Num_ steps);

if (Num_steps != 0){
StartEnable ();
timel = micros ();
Movement (Num_ steps, pps);
time2 = micros ();
StopEnable ();

timel = (time2—timel)/1000000.;

Serial.print ("/———m————— _Observed parameters ———————————— /\n");
Serial.print ("Done." + String (Num_steps) + "Lsteps\n");
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Serial.print ("Deltayt: " + String(timel) + "Usu\n");
Serial.print ("pps:_."+ String (abs(Num_steps)/timel)+"\n");

Serial.print ("
}
Pos_nm = InverseCalibrationCurve(k, Num_steps 4+ Error);
CurrentPosition = CurrentPosition + Pos nm;

/")

Serial.print ("Current position,[nm]: " + String(CurrentPosition) + "\n");
Serial . primt (" /s ok ko skok skok ok skok skok sk kR kok kR ok skokokokokokokkokkokkx /\n\n\n\n" ) ;

}

/
// FUNCTIONS J/
/ /

float CalibrationCurve (float k, float D_nm){
// Convert from nm to steps with error

// Input:

// * (float) k —> [steps/nm], calibration coefficient
// * (float) D_mnm —> [nm], position to be converted

// Output:

// * (float) D_steps —> [steps]

float D_ steps;

D_steps = k * D_nm;
return D_ steps;

}

float InverseCalibrationCurve (float k, float D_steps){
// Convert from steps to nm

// Input:

// * (float) k —> [steps/nm], calibration coefficient
// * (float) D_steps —> [steps], position to be converted
// Output :

// * (float) D_nm —> [nm]

float D_nm;

D_nm = D_steps / k;
return D nm;

}

long int NumberOfSteps(float D_steps, float Epsilon){
// Convert to actual steps

// Input:

// * (float) D_steps —> [steps], wanted steps
// * (float) Epsilon —> [steps], position error
// Owutput :

// * (long int) D_steps —> [steps], possible steps

long int Nj

N = round (D_steps + Epsilon);
return N;

}

float StepError(float D_steps, long int N){
// Evaluate the position error

// Input:

// * (float) D_steps —> [steps], wanted steps
// * (long int) N —> [steps], possible steps
// Output:

// * (float) Epsilon —> [steps], position error

float Epsilon;

Epsilon = D_steps — float (N);
return Epsilon;

}

void StartEnable (){
digitalWrite (enPin, LOW);
}

void StopEnable (){
digitalWrite (enPin, HIGH);
}

//muove di un certo numero di step.
void Movement(long int stepNum, float pps){
// Mowvement cotrol

// Input:
// * (long int) stepNum —> [steps], steps to be ezecuted
// * (float) pps —> [1/s], motor pulse—per—second

DirectionControl (stepNum ) ;
for (int x = 0; x < abs(stepNum); x++){
if (fmod(x, 30) == 0){
Serial.print ("\t" 4+ String(x) + "\n");

digitalWrite (stepPin, HIGH);
delayMicroseconds (500000/pps);
digitalWrite (stepPin, LOW);
delayMicroseconds (500000/pps);
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D — Listings

void DirectionControl(long int stepNum){
// Define the movement direction according to the sign of the step number
// Input:
// * (long int) stepNum —> [steps], possible steps
if (stepNum < 0){
digitalWrite (dirPin, LOW);
}else{
digitalWrite (dirPin , HIGH);
}
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