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Abstract:

The aim of my study is to investigate electromd aptical proprieties of the &ba,..As;.yN, thin
layers utilized as quantum wells (QW) grown on GaAbstrates, applied for solar cells and vertical
cavity surface emitting lasers (VCSELS), in ordedésign high efficiency solar cell and long
wavelength optoelectronic device applications. fifethod of calculations adopted is “Full Potential —
Linear Augmented Plane Waves”, using the Wien2leaaatler Inux environment. This study will
confront the available theoretical and experimewtalks in the optimization and design of solarell
and LW-VCSELs research areas.

Résumé

L'objectif de ce travail est d'étudier les progg€lectroniques et optiques des matériayS#LAs;.

yNy, utilisés en couches minces comme puits quantigpigaxés sur substrat GaAs et appliqués aux
lasers a cavité verticale émettant par la surfs@SELS) et aux cellules solaires. Les propriétés
structurales (constante de réseau, module de cesipitg€), électroniques (gap d'énergie et natiere
gap) et optiques (indice de réfraction, réflecéyita étudier sont dans le but de concevoir des
dispositifs optoélectroniques a larges étenduemigueur d'onde (LW-VCSELS) et les applications
des cellules solaires de haut rendememtméthode de calcul adoptée est la FP-LAPW (FatibRtial-
Linear Augmented Plane Waves), utlisant le coden@kesous environnement Inux. Cette étude se
confrontera aux différents travaux théoriques epéeimentaux (disponibles) dans le domaine

d'optimisation et de conception des LW-VCSELs ataidlules solaires.

Keywords /Mots clés dgalidal) cilalsl)
AlGaAs, Nitrides, GaAsN, AlGaAsN, FP-LAPW, Wien2kW-VCSELs, solar cells, energy gap,

dielectric constants, refractive index.




Preface
This thesis is written for the beginning studend aser of optoelectronics and Wien 2k code,
respectively. My purpose is as follows:
To introduce the basic concepts of VCSELs and smpéwelectronics cells as optoelectronic
devices.
To describe the modeling technique for the AlGaAshterials used in fiber-optic
telecommunications and photovoltaics.
To provide the informations required to have aglesif the above devices.
The thesis is intended to serve as reference fginbers in the optoelectronics field research.
It starts with an introduction of general concdaptduding VCSELSs, spin polarized VCSELs,
and photovoltaic cells, involves the dilute nitsdand magnetic semiconductors IlI-As(N,
Mn) used in these deviceasnd thengives an overview of the theoretical tool used twded
these materials.
The thesis should also be useful as a textbookgtwelectronics courses designed for junior
undergraduate and first-year graduate studentsligtirey of recent research papers should be
useful for researchers using this thesis as aenefer At the same time, students can benefit

from it if they are assigned problems requiringdiag of the original research papers.
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Introduction:

Optoelectronics is a wide research field studyiragter, light and their interactions [Hased

on quantum mechanics of electrphoton interaction, quantization of the electronegn
field, semiconductor (SC) properties, quantum theof heterostructures, and non-linear
optics, and describing the physics, properties, @ediormances of devices such as:
photodetectors, quantum well infrared photodetsctaptical parametric oscillators and
waveguides, optical frequency converters, lightteng diodes (LEDs), and quantum-well
(QW) lasers and intersubband quantum cascade [E3efhese devices have received great
attention in recent years, as they are key compeneh the Internet and other optical

communication systems [3].

SC lasers have important applications in optidaificommunications, signal processing
and medicine, including optical interconnects, CIDNR gyroscopes, surgery, printers,
photocopying [1], high-resolution spectroscopy, atdospheric pollution monitoring [4]n
spite of these significant potential of applicaipthe edge emitting SC lasers have some
inconveniences: they tend to be multimodal, geeenaise due to small thermal fluctuations,
and their laser emission is divergent making edffiticoupling to optical fibers a significant
technological challenge. These disadvantages casidieestepped by using a vertical-cavity
surface-emitting lasers (VCSELs) [1], exhibitingwlothreshold currents, single mode

operation, high coupling efficiencies into optiéiélers, and high speed modulation.[5

In modern SC electronics, effort has been madeéospin (in addition to charge) of electrons
degrees of freedom for information processing. Tasearch field so-called spintronics, using
the electron spin rather than the charge to malalemfaster, and more versatile devices
than those based solely on electron charge, isipnagnfor the design of a new generation of
SC storage units and signal processing devicedb@saew principles of operation [6-12],
and have common applications with optoelectronisstltee spin-polarized VCSEL that

promises a number of advantages over the conveh@SEL [13].

On the other hand and partially motivated byitioeease in oil prices worldwide as a result
of geopolitical and economic factors in recent gednere has been a significant, resurgent
interest in renewable energy sources, includingdwituel cells, solar cells, geothermal,
biofuels, etc. Solar energy conversion is perh&yesmost appealing of all these solutions,

since the energy source is readily available [Phjotovoltaic cells (PV) have become very
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attractive as a truly clean, renewable energy spurat the biggest obstacle of the crystalline
silicon-based PV is the high SC manufacturing ¢bsk

The lack of 11I-Vs with band gaps near 1 eV tha lattice matched to GaAs has hampered
the development of VCSELs for use in long haul cgticommunications as well as the
development of very high efficiency solar cells J[1Bloreover, the cost of 1lI-Vs (such as
InP) -based material is still too high to meet deenands for designing a high volume modern
data communication networks, although they have lblee source for long reach application
[5]. Among the IlI-Vs, the llinitride (INN, AIN and GaN) SCs are potentially useful at high
frequency, microwave and short-wave-length elestnihescent devices. They are used for
the fabrication of high speed heterojunction tratass [17], low cost solar cells with high
effciency [18], visible light emitting diodes (LEP§19, 20], laser diodes (LDs) [20-24] for
the amber, green, blue and UV regions of the specand also as the basis for high power,
high temperature electronic devices [25, 26].
Contrary to the general trends in the conventidial/ SCs, research on epitaxially grown
dilute 1lI-As-N/GaAs alloys, where the smaller ctarat radius and larger electronegativity of
Nitrogen (N) cause a very strong bowing parametethe band gapEy) of the IlI-V-N
materials, has revealed important electronic priggsewith many advantages over InP-based
systems that could prove decisive in the race tercthe desired wavelength range and to
meet the challenge for low-cost devices to be dpdraver a significant temperature range
with moderate power [5]. For example, The Ga(In)AS&As system has been developed as
an attractive alternative to the conventional InGRAnNP system for the fabrication of
emission devices for fiber-optical telecommunicasicat 1.3um [27]. Dilute nitrides, like
GaAs Ny and InGa_.As1yNy alloys, offering novel design opportunities fowalespread
number of applications ranging from photovoltai@8][to optoelectronic communications
[29] and terahertz sources [30], and including bgeén-assisted defect engineering [31], have

been recently suggested as new materials for néared optoelectronics [32].

Until recently, it has been expected that GgNs might generate a recent flurry of research
activity and provided opportunities to engineer enial properties suitable for very high
efficiency hybrid solar cells [33] as well as syedizing VCSELs (for use in fiber optic
communications, based on a single step growth psoge GaAs substrates [34]), but the poor
transport properties limit its potential for use solar cell and laser devices because of

abnormalities of its conduction band [26].



Among the llI-As-N quaternary systems which haweg¢ studied as extensively as the other
narrower band gap such asGa.xAs:.,Ny [35] are the dilute AlGa.xAs1,Ny alloys, in which
it is possible to tune the gap over a wide range{fEg:aas= 1.424 eV to Egn= 6.2 eV) by
varying the compositionsandy. This makes these systems attractive for apptinati opto-

electronic devices operating over a spectral rdérgge the deep infrared to the far ultraviolet.

This thesis is organized as follows: In chaptené, have tried to answer this question: Did
[1I-V nitrides have any technological significanc&Rapter Il is devoted to the theoretical tool
"FP- LAPW method" used in this work, which is expkd and formulated. In chapter lll, the
dilute IlI-As-N alloys in long wave-length verticahvity surface emitting lasers in solar cells
are studied. Results and discussion of electrond @ptical properties have been given in
Chapter IV. Finally, conclusion of the whole presenrk is outlined.
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Chap. 1 Do llI-V nitrides have any technologicarsficance?

l.1.Introduction

The MOVPE of llI-Nitrides became important in tharlg 90s when I. Akasaki and S.
Nakamura first demonstrated Nitride based lightteing diodes (LEDs). Group llI-Nitrides
semiconductor materials, including GaN, InN, ALINGBN, AlGaN and AllnGaN, i.e. (Al,
In, Ga)N, are excellent semiconductors, coverimgdbectral range from UV to visible and to
infrared, with unique properties very suitable fmodern electronic and optoelectronic

applications. [1].

The group Il nitrides are distinguished by themrusual chemical stability, a characteristic
that has thrown up unique challenges for devicegssing. Indeed, the group Il nitrides
have high bond energies compared to conventiomaV/ Isemiconductors. The large bond
strengths and wide bandgaps make them essentialiyically inert and highly resistant to
bases or acids at room temperature. most of theepsmng of Il nitrides is currently
conducted by dry plasma etching.[2]

This group Il nitrides represent an important slag materials with applications in high
temperature electronics, optoelectronic devicesating in the visible and UV region of the
spectrum, and cold cathodes. Owing to their contlminaof wide band gap, high thermal
conductivity, high thermal stability and physicalbustness they offer, in principle, an
attractive route to such devices. There are howeesere practical difficulties in their
preparation which have prevented the realisatighef potential until relatively recently [1].
The impossible growth of high quality epitaxialrides and their uncontrollable conductivity
had prevented the development of nitride-basedcdsevior many years [3]. In 1986, a
dramatic improvement in the crystal quality of Gais achieved. In 1989, by achieving the
production of p-type conduction and the controtofhductivity of n-type in nitrides and due
to the high quality GaN, the world’s first GaN pjamction blue/UV LED has been invented
[4]. The second half of the 1990s witnessed anasxypd expansion of research on nitrogen-
containing semiconductor (SCs) [5].

The nitrides exhibit a direct gap then a good rtadkaefficiency, their absorption coefficient
is around 4.104 cthfor radiations of wavelenghts less than 360 nme fitlgh majority of

optoelectronic devices operating at short wavelenhgbncern mainly the nitrides [6].



Chap. 1 Do llI-V nitrides have any technologicarsficance?

1.2. "Conventional” nitrides

GaN, InN, AIN, and their alloys can crystallizeboth wurtzite and zinc-blende forms. GaN
is a wide gap SC that usually crystallize in thertwite lattice (Hexagonal os-GaN), but
under certain conditions zinc-blende GaN ( Cubi@-@aN) can be grown on a zinc-blende
substrate. Due to their metastable nature, the thralv single-phase cubic nitride films of
sufficient homogeneity and crystal quality is dilificult and, in general the crystal quality of
the cubic Il N layers grown so far is inferior tioat of the hexagonal nitrides [7]. Unlike all
of the non-nitride wide gap IlI-V SCs, GaN has eedi energy gap that makes it suitable for
blue lasers and LEDs [8]. Under high pressure, @al other nitrides experience a phase
transition to the rocksalt lattice srtucture [9]NAis the endpoint of AlGaN alloys, which is
technologiquely important because it is a key idgmet in most nitrides quantum well.
Experimental studies of AIN have focused almostuskely on the wurzite phase, the only
significant AIN-containing IlI-V phase with a direenergy gap and having the largest gap
[5]. Although InN is rerely used in devices in ldimary form, when alloyed with GaN it form
a core constituant of the blue diode laser [1@].rdcommanded zero temperature gap is of
0.78 eV [11].

The lattice matching between the constituents ahudtilayer structure is an important
parameter that determines the absence of strabe atterfaces, which create non-radiative
recombination centers. Since GaAs is a direct bapd®C that can be dopeadandp easily
and AlGaAs can be manufactured on a wide rangeowfposition with GaAs presenting a
very low lattice mismatch (~ 0.1%) for all valuexp the GaAs-GaAlAs system has so far
been the most studied and widely used to prodwsss Biodesand the relative values of gaps
and indices of GaAs and GaAlAs create a good cenient of electrons and photons [6].
Unfortunately, the lack of Ill-V materials with bdingaps near 1 eV that are lattice matched
to GaAs has hampered the development of VCSELs uee in long haul optical
communications [12] as well as the developmerttig efficiency solar cells [13].

Nitrides form a specific sub-group of the Illd0mpounds characterized by high ionicity,
very short length of bonds, low compressibilityddmgh thermal conductivity, which make
them interesting and very useful: e.g., the extigrard cubic BN competes with diamond as
an abrasive powder, the high thermal conductivibpldl makes it an ideal substrate material
for microelectronics, and GaN is considered asanping material for short-wavelength

electroluminescent devices [14]. One can ask thewajuestion: in what way is the physical
7
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behavior of lll-nitrides different from that of trnventional 111-Vs? InN, the narrowest gap
member of the nitride family having a gap of abOut eV, [15] expands the range of the
direct band gaps covered by the group llI-nitridleya into a near infrared region. AIN is
mainly used as buffer layer in heteroepitaxies wheprovides good nucleation growth, and
in alloys where it provides an adjustment of thp 8. The mysterious AIN, GaN, and InN
materials belonging to the group-IIl nitrides, @hdir alloys have attracted enormous interest
for use in high-power microwave transistors, a@tlans in light emitting diodes (LED’s)
and laser diodes (LD’s) ranging from the visibledpum [16-19] to the deep ultra-violet
(UV) [20,21], and future chemical [22] sensors agilons in quantum cryptography [23] or
in photocatalysis [24]. Despite the intensive stadyin,Ga; N and AlGa N, found to be
useful as well layers and cladding layers in QW-&fbuctures, respectively [25-27], little
attention has been paid to; «N, due to difficulty in its growth mainly caused byermal
instability resulting from the spinodal phase sepjan phenomenon [28]. Although this phase
separation makes the determination of AlInN strtadtproperties difficult during its epitaxial
growth, the possibility of lattice matching to Gamakes it an attractive alternative to InGaN
and AlGaN for applications in GaN-based deviceshsas cladding layers, Bragg mirrors,
insulating layers, or channel layers in field effé@nsistors [29—31] and active layer for
LED’s in the spectral region from UV to infraredRl Al sdno.1AN/GaN heterostructures are
very useful and interesting when utilized as clagdayers with no strain leading to defects
on LD’s structures [32]. On the contrary, InGaNdeg/ grown on GaN template substrates
have the disadvantage of lattice mismatch, leading high In-content) to high misfit
dislocation densities limiting the range of In camajion [33]. To solve this problem, a Boron
cause decreasing the lattice parameter of nitfigiesis added to reduce the lattice mismatch
between InGaN epitaxial layers and GaN substrad®3$. [The BInGaN alloy offers the
possibility to optimize the energy gap and lattms#rameter independently of each other
without inducing strain into layers, which is higtdesirable for the band gap engineering of
advanced optoelectronic heterostructures [35]. Aeotlloy belonging to the B-containing
llI-nitrides (B-111-N) group is BAIGaN that growsroAIN substrates experimentally [36], has
an energy gap ranging from 3.6 to 6.2 eV and cpaeding to the 344-200 nm wavelength
range, respectively with respect to its applicatiorlight-emitting devices operating in the
UV spectral region. The AlGaN ternary alloy is wideised, especially in heterostructures,

since it is virtually lattice matching with GaN. @HnGaN alloys are nonetheless of strong
8
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content of GaN, whose gap is located in the ranmgergblue-violet of the visible spectrum,

and very useful for optoelectronic devices [6].

1.2.1. Nitrogen-containing IlI-V semiconductors

The second half of the 1990s witnessed an exploskgansion of research on nitrogen-
containing semiconductors, which has continued ateb to the present. Conventional
nitrides such as GaN, InN, AIN, and their alloys aystems that can crystallize in both
wurtzite and zinc-blende lattice forms, and theesponding band structures are quite distinct
due to differences in the underlying symmetriesweleer, “dilute” nitrides are alloys, in
which a small N fraction on the order of a few @aftcis added to a conventional IlI-V
semiconductor such as GaAs, GalnAs, or GaP.

1.2.2.B,AlxIn 1..,yN alloys for optoelectronic devices.

As mensioned above, being the most mysterious rmt@mong the group-III nitrides, AIN,
GaN, and InN and their alloys have attracted enasmimterest for use in high-power
microwave transistors, applications in light emigtidiodes (LED’s) and laser diodes (LD’s)
ranging from the visible spectrum [37-40] to themealltra-violet (UV) [41,42] and future
chemical [43] sensors applications in quantum agrphy [44] or in photocatalysis [45].
Despite the intensive study of\®a N and AlGa N, found to be useful as well layers and
cladding layers in QW-LD structures, respectivel$-{48], little attention has been paid to
AlyIn1«N, due to difficulty in its growth mainly caused byermal instability resulting from
the spinodal phase separation phenomenon [49]oédth this phase separation makes the
determination of AlINN structural properties diffit during its epitaxial growth, the
possibility of lattice matching to GaN makes itatiractive alternative to InGaN and AlGaN
for applications in GaN-based devices, such asdolgdlayers, Bragg mirrors, insulating
layers, or channel layers in field effect trangistfh0-52] and active layer for LED’s in the
spectral region from UV to infrared (IR). Addno.1AN/GaN heterostructures are very useful
and interesting when utilized as cladding layerthwio strain leading to defects on LD’s

structures [53].

On the contrary, InGaN layers grown on GaN tempatiestrates have the disadvantage of

lattice mismatch, leading (for high In-content)high misfit dislocation densities limiting the
9



Chap. 1 Do llI-V nitrides have any technologicarsficance?

range of Incomposition [54]. To solve this probleenBoron cause decreasing the lattice
parameter of nitrides [34] is added to reduce #tck mismatch between InGaN epitaxial
layers and GaN substrates [54]. The BInGaN alldgrefthe possibility to optimize the
energy gap and lattice parameter independentlyaoh ether without inducing strain into
layers, which is highly desirable for the band gaqgineering of advanced optoelectronic
heterostructures [55]. Another alloy belongingte B-containing llI-nitrides (B-111-N) group

is BAIGaN that grows on AIN substrates experimdnt@6], has an energy gap ranging from
3.6 to 6.2 eV and corresponding to the 344-200 ramelength range, respectively with
respect to its application in light-emitting desagperating in the UV spectral region.

Since the imaginary part of the dielectric functifw) can be strongly related to the joint
band structure, we have seen that it is usefublcutate the two parts of e fogM Ny yN.
The shift AEg is to amend the energy band gap QAIBni,N alloys, and used in
calculations of the opticadroperties, are calculated from the experimentatgngap values
for the binaries BN, AIN and Inkhat correspond to 6.0, 5.94 and 1.66 eV, respagtiand
the available theoretical valuesf the same compounds are 5.74, 6.27 and 1.66 eV,
respectively [57].

Acquaintance of electronic band structures pAlRn1..,N is crucial to correct energy band
gaps that underestimated by LDA and improving ottersstics of BAl.Ini,.,N light
emitters.
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Fig. 1.1 Band structure of @l,In;,,N for x = 0.187 ang/ = 0.125.
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One can easily remark the direct character of the @f B 125Al0.1879N0.6579N, which is of
great interest for optical transitions, as remargeliously for 11-VI semiconductors alloys.
Different methods are established as a flexible adable tool for studying the physical
properties in a wide variety of materials, fall®oghof being a complete and general solution
to many-electron problem. Imaginary peastindicates two inter-band transitions as shown in
Fig. 1.2; BAl.niyyN is characterized by a strongest peak at 5.0 elhtrbe strongly
dependent on the ionic polarization of thgARInix,N crystal due to the large

electronegativity of N, and a weakest one fohAlRIn,.. N at 5.71 eV.
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Fig.l.2 Imaginary part of the dielectric function ofBlxIn1-x-yN alloys.

Fig. 1.3(a) shows the reflectivity spectra along ®,AlxIn14yN crystal due to the large
electronegativity of N, and a weakest one fgAIRINi« N at 5.71 eV. systems. It is
interesting that there is an abrupt reduction m fflectivity spectrum after 20 eV for the
researched system confirming the occurrence oflactive plasmon resonance. The depth of
the plasmon minimum is determined by the imaginaast of the dielectric function at the
plasma resonance and is a representative of thdapvdegree between the inter-band

absorption regions.
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Fig.l1.3 (a) Reflectivity and (b) refractive index ofBlxIn1-x-yN alloys.

The calculated refractive index is shown in Fi@(h). We note that at low energy these
systems show high refractive indices, which de@easigher energies.

The potential advantage of optoelectronic devicedudes low sensitivity to temperature
variations, low threshold current and high quaneffitiency ). One of the key factors that
determine is the absorption coefficien{w), which is a strong function of the wavelength.
The calculated absorption coefficieu(w) is shown in Fig. 1.4(a). At low energies between
3.0 and 5.0 eV and at higher energies (at arour@ é\), this crystal shows a fast increasing
absorption.

A strong increase in optical conductivity with ieasing the photon energy has been observed
for ByAluniy,N alloys. Beyond the photon energy of 5.07 eV, #wnhductivity of
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Bo.1256\| 0.1879N0.687N alloy dominates than Ofoaegod 0.1879N0 79N alloy. The calculated OptiC&'
conductivity dispersiom(w) for the investigated systems is shown in Figlbll4The peaks in
the optical conductivity spectra are determinedhwy electric-dipole transitions between the

occupied states to the unoccupied states.
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Fig.l.4 (a) Absorption and (b) conductivity ofyBIxIn1-x-yN alloys.

1.2.3. B/AlxGai.xyN matched to AIN substrate.

As mensioned above, the llI-nitrides like GaN, Afvd related materials have attracted
special attention with respect to their applicatiorlight emitting devices operating in the
visible and deep ultraviolet spectral regions [SB-61owever, BN has features as high

thermal conductivity, high hardness, high meltirgnp and large bulk moduli suitable for
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applications in electronics and optoelectronics icks/[64,65]. In the group-Ill nitride
heterostructures, which are important in the dewelent of wide band gap devidé&$], the
problem of lattice mismatch between some epitdaigrs of 11I-N alloys and substrates can
be solved by inducing Boron (B), as a constitudeiment, into the IlI-N systems and thus
decreasing the lattice parameter of these allogk [he BAIGaN quaternary system, derived
from GaN, AIN and BN, is a promising material fos@miconductor laser that operates in the
deep-ultraviolet spectral regiof67]. Compact lasers and high sensitivity avalanche
photodiode detectors in the ultraviolet range ageded for different applications such as
biomedical, purification, covert communication areal-time detection of airborne
pathogens[68]. BAIGaN, which can be lattice matcteedIN substrates[69], has band-gap
energies in the range of 3.6 to 6.2 eV and cormedipg wavelength emission ranging from
344 to 200 nm, when utilized as active layers gefa [70]. Takano et al [71]. reported that B
compositions in a l,Ga—x-yN/AIN quantum well vary in a range 1.5% to 13%, vehthe
ByAl,Gax-yN layers can also be lattice matched to AIN. Althloutthe llI-nitrides have a
stronger tendency to crystallize in the wurtziteZA\Vgtructure [72], research efforts toward a
more complete understanding of the zinc-blende (@iB)de derived heterostructures have
increased recently [73].

In order to estimate the effect of B incorporatioto AlGaN, we have plotted in Figs. 5 the
electronic band structure for &a-N and BAl,Ga,-x-yN with the compositional parameters
x and (x, y) taken to be 0.0625 and (0.0625, 0.1,8&Spectively as representative examples.
Both figures show that the ternary as well as thateynary alloys have a direct gap and the
substitution with Boron leads to an increase ofghp over a large range, which is of interest

for optoelectronic devices [74].
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Fig.l.5 Band structures for MeGasN (Left), and B.isAloosxGan-N (Right).

Moreover, while the IlI-V nitrides have a strondendency to crystallize in the hexagonal
structure [75] h-GaNo11I-N) and this can be obtained in habitual commis of growth, the
cubic structure c-GaN3{lll-N) of GaN, which is the prototype of the lll-khaterials [6], has
many advantages over the hexagonal material (h-Gsidh as higher carrier mobility and
ease of doping [76], although the (c-GaN) structiae be obtained in specific conditions of
homoepitaxy on substrate (001) GaN or heteroepit@xysubstrate (111) GaAs [6]. The
ternary and quaternary alloys of c-GaN and llI-Vhpound SCs (e.g., GaAdNy and InGa-
xAs1.yNy) have attracted special interest because of theque properties [77,78] and wide
range of applications in optoelectronics and hiffltiency hybrid solar cells [79,80].

The wide bandgap SC GaN and related alloys (GaMi]N, InGaN, InGaAIN) exhibit
many attractive properties far beyond Si and Gadéws High power and high frequency
electronics as well as for visible and UV optodiecic devices. One way to increase the
flexibility of nitride alloys in term of structuralelectrical and optical properties can be
achieved by using boron [81]The boron nitride (BN) has features of high thermal
conductivity, hardness, melting point and largekboloduli suitable for applications in
electronics and optoelectronics devices [82, 88], that by inducing Boron into the 1lI-N
systems, the lattice parameter decreases, anddb&em of lattice mismatch between some
epitaxial layers of IlI-N alloys and substrates bansolved [84].

Thus, the band gaps of these alloys may be wetlritbes! through the quadratic relationship

between the band gapgaEand Eg of the endpoint compounds A and B and is givefBby
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Egag (X) = XEga +(1 —X)Egs — bX(1 - X). (1.1)
where,x is the fraction of compound B mixed in compoundAdb is the bowing parameter,
which represents the divergence of the band gamerieom the linear interpolation. Alloys
of mixed cation species, such as@d-,As, typically fit this trend quite well, as do ajl®
containing anion species of similar character,udelg GaAgP;_ [86]. For these materials,
the atomic potentials of the two elements occupwitlyer the cation or anion sublattice are
substantially similar, and the bowing paramete{i.ib) is much smaller than the band gaps of
the endpoint compounds. With advances in thin fihmwth techniques, it is now possible to
fabricate single-phase alloys from constituents #gra highly “mismatched” with respect to
electronegativity, size, and/or ionization energiize VCA approach to modeling the band
gaps of these alloys is not applicable due to doalized nature of the impurity, and a single
bowing parameter can no longer adequately destirdogend in the band gap.

Considering the linear interpolation and the baag@ fgowing of GaNAs and AlGaAs, the
energy band gap, for example, o ABaAs,N1.y is expressed as [87]

Egucaasn (X)) = XYEQeans + X(1 — Y)EGean + Y(1 — X)EQaas + (1 — X)(1 — y)EQan +
Xy(1-y)bcaasn + Xy(1-X)baicans (1.2)
wherex andy denote the compositions of Ga and As in the AlGdaHoy, respectively and
beaasn and baicaas are the bowing parameters of GaNAs and AlGaAschviave values of
—20 eV [88] and -0.25 eV [89], respectively.

|.3. Dilute nitrides

The simple quadratic form applied to calculate Hwving and discussed above is not
recommended to describe the "dilute” nitride allagswhich a small N fraction on the order
of a few percent is added to a conventional noneleitlll-V SC such as GaAs or GalnAs. If
the effect on the valence bands is completely mégte the model below is more used [5].
Due to large differences in the lattice constard ammicity between the host binary and N-
related binary, the dilute nitrides exhibit manyusnal and fascinating physical properties.
Among them the most prominent feature is the dsamting in the band-gap energy [7].

Dilute nitrides are considered as highly mismatcheziniconductor alloys of great
technological importance for their applications i#elecommunication devices and

photovoltaic solar cellgl].
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Dilute ternary and quaternary IlI-As—N alloys haeeeived a great deal of attention both
from a fundamental point of view as well as for laggiions in technology (e.g.,

photodetectors, modulators, amplifiers, and longehength vertical cavity surface-emitting
lasers (LW-VCSELS), etc.) [90]. Dilute nitrides cha derived from the conventional IlI-V
semiconductors (viz., GaAs) by the insertion of itoithe group V sublattice — causing
profound effects on the electronic properties ad tesulting alloys [91]. Contrary to the
general trends in the conventional alloy semicotmigcwhere a smaller lattice constant
generally increases the band gap, the smaller eoveddius and larger electronegativity of N
cause a very strong bowing parameter in Ill-V-N poonds. Consequently, the addition of
N to GaAs or GalnAs decreases the band gap (Eg)alieally. This strong dependence of
Eg on the N content in 1lI-As—N has provided oppoities to engineer material properties
suitable for the fibre-optical communications & and 1.55m wavelengths as well as high

efficiency hybrid solar cells [92]

|.4 .The Band Anticrossing Model

Alloying offers the ability to tailor the band gas well as the conduction and valence band
edge positions of a semiconductor through the maaijon of its composition, enabling the
use of these materials in a wide variety of appbee, including power transistors, lasers,
light emitting diodes, photodetectors, and soldisc# is well known that alloys composed of
two compounds of similar character can be treategdirwthe virtual crystal approximation
(VCA), where the potential of the periodic crystaltaken as an average of the atomic
potentials of the constituents [93]. The dilute-NI-V alloys fall into this category of
moderately or highly mismatched alloys [94].

Instead, a more advanced theory is required talzdkthe electronic structure of these alloys
in order to explain the composition dependencehefliand gap as well as other optical and
transport properties that cannot be accountedyfar $imple bowing parameter.

Let us first consider the GaAsN system: alloyingA&avith N leads to giant bowing of the
band gap energy — unlike to the AlGaAs conventi@atialys, where band gap energy changes
almost linearly according to the virtual crystapagximation model. Contrary to the general
trends in the conventional alloy semiconductors rehe smaller lattice constant generally

increases the band gap, the smaller covalent ragiddarger electronegativity of N cause a
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very strong bowing parameter in IlI-V—=N compoun@&nsequently, the addition of N to
GaAs %decreases the band gap (Eg) dramatically [95]

The band gap of GaAsN decreases approximately OyniS/ per ¥ nitrogen concentration
increase [96], which is confirmed by photoluminegsie and infra-red absorption
measurements [97], leads to a strong band gap lgoattibuted to the repulsive interaction
between the localized states of N and the delaadlstates of the host semiconductor [98],
caused by significant difference between As and Mmic radii (0.75(& for As and 1.2A for

N), electronegativity (Pauling’gi,= 3.0 andyas= 2.0), seize (atomic radii: 0.82for N and
1.394 for As) and bonds (the Ga-N bond is more thaneawis stiff as the Ga-As bond) [99].
In this section, we intend to detail the band aosising theory, which was developed to
explain the anomalous characteristics observedilutednitrides and similar alloys, and
highlight some of the major experimental findinghiaved to date. A number of theoretical
approaches have been applied to explain the optiwaing in dilute nitride alloys. First-
principles local density approximation (LDA) calatibns, carried out by Wei and Zunger,
utilized a composition dependent bowing paramet@xplain the large band gap reduction in
GaAs-x Ny [100]. Due to band gap errors introduced in the LBwthod, this model was
replaced by empirical pseudopotential calculatittvad increasingly focus on the interactions
of N-clusters [101]. Alternatively, a band anticsogy (BAC) model has been proposed to
explain the properties of IlI-V dilute nitrides a®ll as other mismatched alloys. The BAC
model describes the electronic structure of higmimatched alloys by considering the
interaction between the delocalized states of gst $emiconductor and the localized states of
the impurity. The large changes in the electronic structure lumalilll-V nitrides and other
semiconductor alloys containing isoelectronic inifpeg of high electronegativityor low
ionization energy can be explained by the banctagsing model 95].

The physical property peculiar to the GaAN, and InGa,_yAs;Ny alloys, which have been
recently suggested as new materials for near edrasptoelectronics [100], is the giant
bowing of the band-gap energy as a function obgen concentration. Incorporation of small
amount (typically less than a few %) of nitrogetoiGaAs, which produces a dilute GaAs
«Ny alloy, strongly reduces the band-gap energy cogdrom ~1.0 eV to ~1.4 eV [101-103].
This behaviour is markedly different from conventab semiconductor alloys. The unusual
property of GaAsxNx has been solved by a band-anticrossing (BAC) mgt@4, 105];

namely, the extended conduction band state antlzedanitrogen resonant state interact with
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each other, which results in the formation of &d E states owing to the anticrossing
between the two states. Note that the BAC modeligi®the splitting of the conduction band
into the E and E subbands and a nonparabolic electron dispersiatiaw for the E band,
which corresponds to the fundamental band edge. BAE€ theory has been successfully
applied to explain the optical and electronic prtips of a wide variety of Ill-V and 1I-VI
highly mismatched alloys, including dilute 1lI-V tndes, with highly electronegative
impurities. An anticrossing interaction with a n@atocalized level introduced by the highly
electronegative impurity species restructures thedaction band of a host semiconductor,
resulting in a split conduction band and a reddoedamental band gap.

According to the BAC model, the interaction of Higlocalized N states with the extended
states of the SC matrix leading to the formatiorthaf two subbands_Eand E (Fig.l.6) is

given by the dispersion relations [106]

£ (9= 2{[B,(8+ B+ \[ B3 B[ +4 Vi) (1.3)

where [ is the energy of the N state y (k) is the dispersion relation for the conduction
band of the N-free SC matrix (AlGaAs), angyis the matrix element coupling those two

types of states.
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splitting of the conduction band into two nonpardabsubband<,(k) andEx(k). The dashed and dotted lines
represent the unperturbed conduction band of teedemiconductor matriy, (k) and the dispersionless,

highly localizedEy level. The shaded area represents the approximaténmum energy location of the Fermi
energy,Ermax. Ref.[ K. M. Yu, W. Walukiewicz, W. Shan, J. W. &glll, J. Wu, and E. E. Haller, J. F. Geisz,
D. J. Friedman, and J. M. Olson, Nitrogen-inducestéase of the maximum electron concentration aougll-
N-V alloys, Physical Review B Volume 61, NumberZ®May 2000-I1].

A large increase of the effective mass in both anbs compared to GaAs is mentioned and

the inverse density of states effective mass imddfas [107]
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1 _ 1 |, [EK-F]
m® 2mB| e, (0-E] 4V,

(1.4)

From a certain percentage of nitrogen, the bandigaplitted into two sub-bands, such that
the higher the concentration of nitrogen increagbesmore important the break-up becomes.

Based on this BAC model, the shifting down energy  given by [108]

. e —EM]2+42vN2M {E-&l]

(1.5)

Here, the gaf- , which is responsible for the reduction in the fumeatal band gap [109],
for Al,Ga,-xAs;-yNy alloys can be given by [110]

E—(AlxeaAsN,) :%{ EgAleai—xAS+ EN_\/[ EgAl Ga, As E 1\1'2 + 4VMV\( yjl (|-6)

where Vun=C?%un .y and Cun depending on the electronegativity difference betws and
the group V of the host matrix does not dependhenAtl fraction in AIGaAsN and equals to
2.7eV [107].
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1.1 Solar cells
[1.1.1 Breaf history of solar cells

Mankind needs energy for living. Besides the enemgpur food necessary to sustain our
body and its fuctions (100W), 30 times more enesgysed on average to make our life more
comfortable. Electrical energy is one of the masdful forms of energy, since it can be used
for almost everything. All life on earth is based solar energy following the invention of
photosynthetis by the algae. Producing electricaérgy through photovoltaic energy
conversion by solar cells is the human countergartthe first time in history, mankind is
able to produce a high quality energy form fromas@nergy directly, without the need of the
plants. Since any sustainable, i.e., long termgnsupply must be based on solar energy,
photovoltaic energy conversion will become indisgadie in the future. Photons, particules of
light, to which the human eye reacts (that is whighsee) have energiee@=hv between 1.5
eV and 3 eV. They always move with the velocitytted light, =3 1¢ m/s in the vacuum
andc= cg/n in a medium with refractive indax To convert the wavelength to photon energy,
one can used the relationship [1]

° . (um) (1.1)

hv(eV)

We can describe this light as an electromagneticewahose location is discribed by the

A=

square of the field strength. photons obey the lafnpiantum mechanics and not those of the
more common Newtonian mechanics. the differencermecapparent only for particles of
very low energy (including the mass) [2].

The concept of converting light to electricity wiast introduced with the discovery of the
photovoltaic (PV) effect by Edmond Becquerel in 283], who [4] found that two different
brass plates immersed in a liquid produced a coatia current when illuminated with
sunlight, with the invention of the crystalline Isased cell first revealed to the world by
researchers at Bell Labs in 1954, when [4] Chapial.e[5] had discovered, invented, and
demonstrated the silicon single-crystal solar eeth 6% efficiency; and over the few
following years, researchers brought the silicaarscell efficiency up to 15%ndeed, in 1 h
the sun radiates upon the earth as much energg ased in 1 year by humanity [4].
Unfortunately, the bulk Si solar cells have beemdestrated with an efficiency of nearly
25% [6] are prohibitively expensive for mass praduc|[3].

The solar cell industry remained small until thestfiArab oil embargo in 1973After 1973,

the flat-plate silicon module was brought down &otle and modified for weather resistance.
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This transition also included major improvementgéti and module fabrication that brought
down costs dramatically [4]. In the late 1970swés discovered that good cells could be
made with multicrystalline wafers as long as thestal size is at least 20 times larger than the
optical absorption length [7]. Most important, aahyroduction quantities have grown
dramatically. Worldwide production exceeded 1 GVsfyén 2002 and rose to over 3.8
GW/year by 2006.

By 2007, modules with multicrystalline cells acctedhfor about 45% of sales and modules

with single - crystal cells accounted for about 40Psales.

‘() ()

Fig. Il.1 a) Two - kilowatt PV array from JX Crystals Inc on@wmercial building flat rooftop.
b) Solar cell electricity generating field in Shangt@hina. System designed by JX Crystals Inc, Ref. [4]

I1.1.2 Priciples and concepts of solar cells

Solar cells, converting optical radiation into éeal energy with high conversion efficiency,
are among the major candidates providing long durgiower at low operating cost and free
of pollution for space and terrestrial applicati¢hls

Photovoltaic energy conversion in solar cells caissof two essentials steps. First, absorption
of light (solar radiation producing chemical engrgeneretes an electron-hole pair. The
electron and hole are then separated by the steuofuthe device -electrons to the negative
terminal and holes to the positive terminal thusegating electrical power (by generating
current and voltage) [8]. The structure of a saell is much better represented by a SC
absorber in which the conversion of solar heat aftemical energy takes place and by two
semi-permeable membranes which at one terminardrelectrons and block holes and

the second terminal transmit holes and block edast[2].

The solar cell is simply a photodiode which opesatgthout external bias and delivers his
photocurrent into a load. Under the illuminatidme tharacteristic | (V) of the diode does not
passe by the origin of coordinates, there is aoregi which the product VI is negative, the
diode provides power. If we limit ourselves to thiegion counting the reverse current
positively, the characteristic | (V) reduces touig (2) [9].
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Fig. 1.2 Solar cell curve.

The solar cell is assumed to have ideal |-V chargtics [1]. A constant current source

\ ——

h 4
-

Fig.ll. 3 Idealized equivalent circuit of a solar cell.
(IL) resulting from the exitation of excess carrieyssolar radiation is in parallel with the
junction and the diode saturation curregk #re connected by the I-V characteristics of sach
device given by [1,9]

=1 1.2)

| is the current through load resistange R

The first term is the photocurrent, the seconddgect current resulting from the polarization
of the diode in the forward direction by the vokag that appears across the load residtor
I_is the short circuit current_ L Is.. the open circuit voltage is then

KT
Vi == In(1/1,+1) (1. 3)

The power supplied by the battery is given by trelpctVI

L =V]I -1, -1)] (Il. 4)

This power is maximum at the poiRg, (Fig.ll. 2), defined bydP/dVv=0

_ qV/KT _ _ﬂ qV/ KT —
1 -1 (e 1) e =0 (Il. 5)
The voltageV,, and the current;, at the poinPy, are given by

[1+q:(/_-n|'1-]eqvm/k'r :1+|_|_

I (11. 6)
o WV
n =l ge (1. 7)
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The output power is thus given Byl which can be written as

Pm=Vmlm =FsVoclsc (l l. 8)

whereFis the fill factor orshape factarit measures the rectangular character of theeclurv
(V). It varies from 0.25 for a low efficiency ced 0.9 for an ideal cell [9].

[1.1.3. Thin film solar cells

The obtained data for crystal geometries and bdndtctares can be used to preselect
compounds as candidate materials for specific ¢gttrenic applications. The procedure is
used for finding new buffer layer materials forrtHilm solar cells based on chalcopyrite
absorber layers such as Culp€lSe) or Cu(In,Ga)Se(CIGSe). In most high efficiency
thin-film solar cells, the chalcopyrite absorberdais separated from the ZnO-based window
layer by a thin buffer layer. CdS is frequently dises buffer layer material. However, the
heavy metal cadmium is harmful for the environméstmore and more large-size solar cells
are manufactured, the necessity to find a replanerfee cadmium increases. A suitable
alternative buffer material must fulfill variousiteria: its crystal structure must match well
with that of the absorber layer to ensure a goodamb. The band gap must be suitably large
to avoid absorption losses of the incoming light the absorber-buffer interface, the
conduction band of the absorber should be closkeead-ermi level (inverted interface), and a
barrier reduction should be avoided in order toimire recombination.We use the calculated
lattice constants and band gaps of half-Heusleenads to select potential substitutes of CdS
[10].

For low-cost thin-film solar-cells, ternary Cu-bdsehalcopyrite semiconductors such as p-
type CulnSe or Cu(In,Ga)Sg are excellent light absorber materials, In thesalcopyrite
solar-cells, a CdS-buffer layer of around 50 nnckhess between the light absorber and the
n-type ZnO window layer is used to increase thdoperance of the device [11]. Record
efficiencies of 19.9% have been reported for th®/ZdS/Cu(In,Ga)Se2 heterojunctions [12].
However, the heavy metal Cd is harmful to the emmment and then much research activity
is undertaken to replace CdS by a less toxic bldfggr material. To achieve good solar cells
performances, an accurate design of the heteragumbetween absorber and buffer layer is
crucial. A suitable alternative buffer material mbdfill various criteria: its crystal structure
must match well with that of the absorber layeebtsure good contacts. The band gap must
be suitably large to avoid absorption losses ofrtbeming light [10]. It's desirable to have an
inverted absorber/buffer interface (i.e., the canidun band of the absorber should be close to
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the Fermi level) and a barrier reduction shoulébaded in order to minimize recombination
[13]. For a reasonably small absorption loss, #edogap of the buffer material should not be
smaller than 2 eV and the lattice parameter shd@daround 5.9 A for a good lattice

matching with the absorber material [10].

Il. 1. 4. Multijunction solar cells

The current state of art for high efficiency satatls is the 32% efficient triple junction solar
cell comprising of Galn? GaAs and Ge absorbers [14]. Multijunction sokaliscconsisting

of InGaP, InGaAs, and Ge are known as super-hifitieicy cells and are now used for
space applications. Multijunction cells lattice-otadd to Ge substrates have been improved,
and their conversion efficiency has reached 31%1[]5 Light concentration is one of the
important issues for the development of an advamderovoltaic (PV) system using high-
efficiency solar cells. High-efficiency multijunot cells under high concentration have been
investigated for terrestrial application [17,18]

It is considered that the temperature of solarscelbnsiderably increases under light
concentrating operations. The conversion efficieatgolar cells decreases with increasing

temperature.[1,19 ]
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Fig. Il.4. Schematic illustration of the InGaP/InGaAs/Ge #ijinction solar cell, Ref. [33].

[I. 1. 5. Quantum well (QW) solar cells

The inclusion of QWSs in a p-i-n diode structureegxis the solar cell absorption spectrum,
which results in a higher short circuit current sign (ko). There is also evidence of an
advantageous QW recombinaison rate, leading tglaehiopen circuit voltage/(.). The net
result is an increase in photovoltaic conversiditiehcy () [20].

The use of quantum wells to enhance solar celtiefities has been the subject of a number
of studies in recent years. While multijunction cade cells utilizing stacks of superlattice
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regions were proposed as early as 1984. [21]. mvosk on quantum well cells has been
carried out since 1990 when Barnham and co-workiehsiperial College began investigating
less complicated structures [22]. Shortly afternrthwtial proposal [23], Barnham’s group
demonstrated experimentally that the conversiomieffcy of p-i-n photodiodes illuminated
by broadband radiation could be enhanced simplingsrting quantum wells in the intrinsic
region of the device [24]. This clearly establistikdt the additional carrier generation and
photocurrent resulting from extension of the abBorpspectrum to lower energies can
outweigh the accompanying drop in terminal volteggulting from recombination of carriers
trapped in the quantum wells, and stimulated funtesearch [25].

The indirect bandgap of Si makes optical absorpii@fficient due to the requirement of
phonon emission/ scattering with photons in ordetdnserve crystal momentum. Then Si is
not the ideal semiconducting material for solargpeonversiorn4].

InkGa.xN alloys feature a band gap ranging from the nefiaied (0.7eV) to the ultraviolet
(3.4eV) [26, 27]. This range corresponds very diosethe solar spectrum making@®ea, <N
alloys apromising candidate for radiation-resistamulti-junction solar cells [28].
Furthermore, it has been shown thaGla N can be grown directly on Si substrates by a low
temperature process, providing the potential faraghmulti-junction solar cells [29].Dilute
nitride materials with a 1eV band-gap that areidattmatched to GaAs substrates are
attractive for high efficiency multi-junction solar cells [30].
The development of a low-cost thin film solar cgdlvice has attracted worldwide research
interest during the past 2—-3 decades in order tward sunlight into electrical power. Most
successful two systems are based on inorganic saducting compounds, CdTe and CIGS
absorbers. At present, the highest reported colveesficiencies for lab-scale devices stand
at 16.5% and 19.7% [31] for CdTe and CIGS solarlscelespectively [32].
Photovoltaic power generation is becoming incregigividespread as a clean energy source
that is gentle to the earth. Environmental factsugh as solar irradiation and module
temperature strongly affect the generating perfoicaaof the photovoltaic systems [33-36].
It is well known that conversion efficiency decreasvhen the temperature of the solar cell

increases [1,37].
[1.2. Vertical cavity surface emitting lasers: VEC3.s

[I. 2.1. History of Lasers

After the invention of the microwave amplificatidsy stimulated emission of radiation
(MASER), in 1954 by Townes et al. and the subsegoperation of optical masers and lasers
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(I remplacing m in maser and standing for ligintyuby, SC were suggested for use as laser
materials. The theoretical calculations of Bernardl Durrafourg in 1961 set fouth the
necessary conditions for lasing using quasi-Feawels. In 1962, Dumke showed that laser
action was indeed possible indirect gap SCs ahtbdé important creteria for such action.
In late 1962, three groups headed by Hall, Nattamd &Quist announced almost
simmultneously that they had achieved lasing in BEsThe pulsed radiation of 0.84n was
obtained from a liquid-nitrogen-cooled, forwardded GaAs p-n junction. Shortly thereafter,
Holonyak and Bevacqua announced laser action itetinmay compound GaAgP jonction at
0.71um. I n 1971, Hayashi et al. achieved thecontinexpesation of junction lasers at room
temperature by the use of double heterojunctioms $tnucture was first propsed by Kroemer,
Alferov and Kazanirov. Since this discovery, mamyriaser materials have been found. The
wavelength of coherent radiation has been extefrded the UV to the visible and e out of
the far-IR spectrum (~0.3 to ~3@n) [1].

The invention of the laser and the subsequent dpuent of low-loss optical fibers started a
revolution in the communications industry about entitan fourty years ago, and fibers are
not used only for long-distance communication, foutconnecting swintching stations in the

local telephone company, delivering cable telewisgignals to the neighborhoods in the
cities, and connecting local area networks in madito large- seize offices [38]. They are

considered the most important light sources focagiber communication systems, and also
have significant potential for applications in masmeas of basic research and technology,
such as high resolution gas spectroscopy and atreasgpollution monitoring. Altough laser

diodes are increasingly used as a light sourceptica particle measurement technology,
offering the advantages of very small size, veny lveight, and have recently become
commercially available with a sufficient optical tput power at an acceptable price, they
have the disadvantages of needing a matched cwoente and of having a generally higher

noise level than gas lasers [39]

11.2.2. Laser threshold

Light emission in a SC usually proceeds from etgetrole recombination in regions where
they are in excess in comparison with levels allblg thermodynamic equilibrium. A S&

n junction pumped electrically beyond its transpayetireshold, will be able to amplify
those electromagnetic modes (i.e. photons) thetfgdihe BernareDurrafourg criterion.

As long as the transparency threshold has not besshed, the diode behaves exactly as a

LED, releasing spontaneous emission in all posdilrections. Between the transparency

33



Chap. 2 - Dilute IlI-As-N alloys in LW-VCSELs anfr cells

threshold and the onset of laser oscillationyandJ | Jnreshold ), Stimulated emission
dominates over spontaneous emission, the diodddsed to as being superluminescent.
Once this threshold has been surpassed, the cdemsities in the junction aampedto
their threshold valuesyresnoiq@nd the condition requiring equality between taengand the
cavity losses is satisfied [40].

[1.2.3. Quantum well laser diodes

To increase the confinement factby we realize a Separate Confinement Heterojonction
(SCH). The carriers are confined in a quantum weélthicknessd,, and the photons are
confined in a waveguide of widthy,

n=2 /\

n=1 /_\

n=1

n=2 Va
.

Fig.Il. 5. Well of finite depth. Energy levels and wave funos, Ref. [9]

This confinement factor can be improved by replgdime single well by a multiple quantum
well structure. If the SClayers are thin (L~ 100 A) electronic states in each well are
guantified and have a structure of subband enéfgy.addition the Sglayers are relatively
thick (L,> 200 A) the probability that an electron movesnfrone well to the other by
tunneling through the barrier is low, the wells en@ependent of each othi®y.

IS

SC2 SCq SC+ SC:2

] [ ] [ ] ]

Fig. I1.6. Multiple quantum well structure of type I, Ref. [9]

Compared to the single well, the multiple quantuertainly increase the confinement factor
I', but in parallel reduce the gain g, especiallyoat injection. Indeed, the carriers are then
distributed in I wells instead of one. The result is that for corapke injections, the carrier
density in the active zone is,lmes lower in the multiple quantum well structtinan that in
the single quantum well structure. It is therefdesirable to keep the single well and improve
the confinement factor. This is achieved by replg¢he step index optical guide by a graded

index guide. The composition, and consequentlyindex and gap of the alloy constituting
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the optical waveguide, vary gradually. These stmas are called the GRaded INdex-SCH
(GRIN-SCH) structures [9]. To decrease the thraslecakrent further, one is naturally drawn
to decrease the size of the active region downuamtym length scales (i.e. to make use of
potential wells that are so narrow as to confind gomantize the motions of carriers in

directions perpendicular to the heterointerfacé8).[

11.2.4. Concepts of QW lasers

Conduction Band

Eg. Iy

I =
:

|4 >
[ >

Valence Band

Fig.Il. 7. Band model for a quantum well structure.

To increase the performance of heterostructurerdase is advantageous to reduce the
thickness of the active region using the technicqfespitaxy, MBE and MOCVD, we obtain
a single quantum well laser (whose active layef dimension <20 nm), or multiple quantum
well (separated by barriers of a material of SColta higher gap than that of the well), hence
the significant change observed in some parametdise laser (such as gain, the density of
states, etc..) and reducing the threshold by arfadt10 or mord41]. The double advantage
of the quantum well is of a few nm to reduce thatisp extension of electrons and holes, and
to confine their energy distributions by the tworénsional nature of the density of states
[42], but when the carriers are confined and siiheethickness d of the active zone is well
below the optical wavelength, the photons then pgcal volume extending beyond active
area, hence the risk to lose in recovery carrighetons the acquired carrier confinement [9].
The effectiveness of this recovery is characteribgdthe optical confinement factor of
photonsI” measuring the proportion of the radiation densifgctively interacting with the
active medium [42]. Note that the small recoveryween the guided wave and the quantum

well reduces gain. In a single quantum well streestihe width d of the active zone is well
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below the wavelength of the radiation, and the expression of the camfiant factor [40] can
be approximated

I'sw= (2752/ iz) (nzint— nzext) d? (II. 9)

To increasd’, we realize a Separate Confinement Heterojuc®H), where the carriers are
confined in a quantum well of thicknesg Bnd photons are confined in a waveguide of width
dpn . I is further improved by replacing the single quamtwell by a multiple quantum well
structure [43]I" of a multi quantum well structure (s) MQWis apgroated to

g = (2°17%) (dw/d) (NO) %% — rfc) (Il. 10)

The confinement factor of a MQW structure, compat@dhat of a single well, increases
certainly but at the expense of reducing gains ithierefore desirable to rconserve the single
wells and improvd’, this is achieved by replacing the waveguide indeep guide by a
graded-index, where the composition (hence thexindé the alloy constituting the guide
varies gradually, these structures are caB&idedindexIndexSCH(GRIN-SCH) [9].

11.2.5. Principles of VCSELs

The edge emitting semiconductor lasers presemrtaic number of inconveniences. First,
they tend to be multimodal principally due to sahbtiole burning. This behaviour generates
noise, most notably as a result of mode hoppingtalgenall thermal fluctuations. Second, the
laser emission is divergent making efficient cooglito optical fibres a significant
technological challenge [40].

The conventional laser is often referred to asdgeemitter because laser output is from the
edge of a semiconductor chip. With edge emissioa,ttansverse and lateral modes of the
laser depend on the cross section of the heteobgteugain region, which is transversely very
thin for carrier confinement and laterally wide foutput power. The result is highly
elongated near and far fields that do not match twethe circular cross section of an optical
fiber. Also, the output beam is highly astigmatigth full angle beam divergence of as much
as 50° in the transverse dimension. This makesléiseggn and fabrication of coupling optics
challenging. From a manufacturing aspect, facetarsrare fabricated either by cleaving or
etching, so that optical testing of the laser cbgmnot be performed until many of the
fabrication and packaging processes are complémstly, due to the long (f0o 10 )
optical cavity, an edge emitter typically lasesmoultiple longitudinal modes, or is prone to

mode hop. While each of the above problems candokeeased at least in part by special
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structures, these structures add to the complaxity cost of the laser diodes [44]. Some of
the edge-emitting laser diodes inconveniences @ampdrtially avoided by using vertical
cavity surface emitting lase(§¥ CSELS), which circumvents the problems arisingniredge
emission by having its resonator axis in the valtifepitaxial growth) direction [44].
In a structure of vertical cavity laser VCSEL, tteflective faces of the cavity are no longer
cleaved faces perpendicular to the plane of thetioim, as in edge-emitting laser diode, but
are carried out by Bragg mirrors, DBR (DistributBdagg Reflector), located above and
below the active region. The radiation is emittedyendicular to epitaxial layers, in a slightly
divergent beam (~ 8 °), of circular section [43]CSELs now rival conventional edge-emit-

ting laser diodes in efficiency, and surpass thgra twide margin in threshold current [45].

Historically, the very first surface emitting laseas fabricated during the first years of the
semiconductor laser’s history but the structuréhed device was far from the vertical-cavity
lasers that we know today [46]. VCSELs that we krappeared much later. first proposed
and Suggested in 1977 by Kenichi lgkal. at the Tokyo Institute of Technology, Tokyo,
Japan [47] then demonstrated for the first timéhatend of the 1970s [48], the first GaAs-
based VCSELSs operating in continuous wave modeaahtemperature were demonstrated at
the end of the 1980s [49] and InP-based devic#sedteginning of the 1990s [50]. The room
temperature pulsed operation has been achieve®84 [51], and continuous-wave room-

temperature operation in 1988 [52].

These devices were then extensively developed oks Gad InP substrates with emitting
wavelengths varying between 0.8 and 6 primarily for data communications and high
speed optical interconnects. Indeed, very intergstproperties, such a high potential
modulation rate combined with a low threshold andva divergence circular output beam,
made VCSELs ideal laser sources for these kingpliations such as optical interconnects
or high speed data transfers [53]. Long-WaveleMfISELs (LW-VCSELS) are key devices
in optical fiber metropolitan-area networks [54]damteresting light sources for future

massively parallel optical interconnects [55- 58].

Their potential advantages include ultralow-thrédhoperation, easy fabrication of two-
dimensional arrays, and easy coupling to opticeer8. Compared with edge-emitting
semiconductor lasers, VCSELs offer a variety ofaadages. The main advantages of the
VCSELs are an inherent single longitudinal modsirell divergence angle, a low threshold
current, the capability of ultrahigh bit rate moahdn, ease of forming a two-dimensional
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laser array, and good scalability and integrabilith other optoelectronic components [59].
The underlying concept of VCSELs is quite simplelaser cavity is fashioned along the
epitaxial growth axis allowing controlled depositiof extremely thin layers (with thicknesses
less than amicrometre) and perfectly parallel gawitrrors (precise to within a monolayer).
The mirrors are Bragg reflectors formed by epittxidepositing alternating semiconductor
layers of appropriate thickness and compositiontaMe mirrors are not employed for
several reasons:sufficiently high quality epitaxideposition of metals onto W
semiconductors is not possible, metals absorbradréight and would adversely affect the
threshold currents in such devices [40]. The VCSEdctive medium is embedded in a short
A cavity and a single longitudinal mode operatiomusomatically realized. To keep the loss
low, both mirrors should be highly reflective. Thaye usually realized as stacks )d4

distributed Bragg reflectors. The vertical cavigpresents a one-dimensional microcavity [59,

60].
T I T p-Ring contact
— —

p-Bragg reflector _ Oxide
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n-ﬁragg reflector

GaAs substrate
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Fig.Il.8 Schematic structure of a high bandwidth single ntogeemitting GaAs VCSEL, Ref. [59, 60]

In a typical VCSEL, an optical cavity is formed adpthe device’s growth direction, with

distributed Bragg reflectors (DBRS) typically formgithe cavity mirrors [61].

The VCSEL has the optical cavity axis along the direction cofrent flow rather than
perpendicular to the current flow as in conventidaser diodes. The active regitength is
very short compared with the lateral dimensionstlst the radiation emerges from the
“surface” of the cavity rather than from its eddée reflectors at the ends of the cavity are
dielectric mirrorsmade from alternating high and low refractive indpiarter-wave thick
multilayers. Such dielectric mirrors provide a hdggree of wavelength selective reflectance
at the required free surface wavelenihthe thicknesses of alternating layefsandd, with
refractive indicesn; and n, are such thatd; + n.d, = 1/2X, which then leads to the

constructive interferencef all partially reflected waveat the interfaces. Since the wave is
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reflected because of a periodic variation in thfeactive index as in a grating, the dielectric
mirror is essentially a distributed Bragg reflec(dBR). High reflectance end mirrors are
needed because the short cavity lergtbduces the opticaglain of the active layer inasmuch
as the optical gain is proportional to eyp(whereg is the optical gain coefficient. There may
be 20 - 30 or so layers in the dielectric mirrarobtain the required reflectance (~99%). The
whole optical cavity looks “vertical” if we keepdtcurrent flow the same as in a conventional
laser diode cavity. The active layer is generakkyyvthin (< 0.1um) and is likely to be a
multiple quantum well (MQW) for improved threshatdrrent. The required Stayers are
grown by epitaxial growth on a suitable substrateich is transparent in the emission
wavelength. For example, a 980 nm emitting VCSEU@ehas InGaAs as the active layer to
provide the 980 nm emission, and a GaAs crystaked as substrate which is transparent at
980 nm. The dielectric mirrors are then alternatiagers of AlGaAs with different
compositions and hence different bandgaps andctefesindices. The top dielectric mirror is
etched after all the layers have been epitaxialbyvgp on the GaAs substrate. In practice, the
current flowing through the dielectric mirrors givise to an undesirable voltage drop and
methods are used to feed the current into the ecagion more directly, for example, by
depositing “peripheral” contacts close to the actinegion. There are presently various
sophisticated VCSEL structures. The vertical castgenerally circular in its cross section so
that the emitted beam has a circular cross seatbich is an advantage. The height of the
vertical cavity may be as small as several microhiserefore the longitudinal mode
separation is sufficiently large to allow only doegitudinal mode to operate. However, there
may be one or more lateral (transverse) modes depgon the lateral size of the cavity. In
practice there is only one single lateral mode (agkce one mode) in the output spectfam
cavity diameters less than u#n. Various VCSELs in the market have several lat@@des
but the spectral widtls still only ~0.5 nm, substantially less than aentional longitudinal
multimode laser diode. With cavity dimensions ie thicrons range, such a laser is referred
to as a microlaser. One of the most significantaatkges of microlasers is that they can be
arrayed to construct a matrix emittbat is a broad area surface emitting laser so@ueh
laser arrays have important potential applicationsoptical interconnect and optical
computing technologies. Further, such laser arcays provide a higher optical powtran
that available from a single conventional laseddioPowers reaching a few watts have been
demonstrated using such matrix lasers [61].
For fabricating 1.3 or 1.56m communications range VCSELSs this has necessithéedse of

InP substrates, AlAs/GaAs Bragg reflectors and mlemfusion bonding steps or the use of
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Bragg reflectors synthesized from alternate termarguaternary alloys which exhibit poorer
reflectivity and thermal conductivity [62].

Despite the commercial production of GalnAsN/GaAsdd laser diodes, the optical quality
of the ternary GaAs(In)N and quaternary Galn(Al)Asyers is still poor [63-65]. The IlI-
As—N alloys have shown the evidence of inhomogaseirith broad photoluminescence (PL)
line widths, variable PL decay times, and shortarity carrier diffusion lengths. Fortunately,
with high-temperature anneals of 600-@)0the non-radiative recombination sites can be

removed [65].

11.2.Spin-VECSELSs

Semiconductor spintronics — a new field of reseaesiploring the interplay between

magnetism and electronics — has received consi@eedtention at both experimental and
theoretical levels with the ultimate goal of utitig electron spin to make smaller, faster, and

more versatile devices than those based solelyeatren charge.

[I.2.6.a How one can inject spin polarized carries?
Let us take the example of Spin LED:

— vy |, R

GaMnAs (p) :: :::: H

GaAs spacer (i)

InGaAs (i)
GaAs (i)
GaAs buffer (n)

Gahs substrate (n)

Fig.1l.9. Diode electroluminescente SpinLED (Spin Light EmitDiode), Ref. [66].

one example of injection of spin is the spin LEDhieh injects spin polarized carriers
constitued of an injector (made of ferromagnetictanal) in a quantum well. Radiative
recombinaison of these carriers induces the emmssia circularly polarized light. The spin
injector can be realized of a diluted magnetic semductor (DMS). Fig. I1.9 shows the
diagram of sush a device [66]. Spin-polarized hotee injected via the magnetic
semiconductor GaMnAs. A Spin-polarized currentagied in the non-magnetic layer GaAs
to the InGaAs quantum well, where the polarizedeeabcombine with electrons of the same

spin causing the emission of circularly polarizédions.
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11.2.6.b AlGaAs(Mn) for integrated optical isolators and spintronics.

Since the discovery of high temperature ferromagmetin dilute magnetic semiconductors
(DMSs) such as Mn-doped IlI-Vs, whose magneticestes controlled by an external electric
field [67], it has been intensively studied in arde fabricate new functional semiconductors
(SCs) taking advantage of the spin degree freedoBMSs [68]. The interest in 1l1I-Mn-Vs,
formed by doping nonmagnetic host SCs with magnaticeptors such as GaAs and the
transition metal (Tm) Mn, is due to possible apgtilens in spintronics as the source of a spin
polarized current or as the base material for p that can simultaneously store and process
data [69], and high correlation of their electrognptical and magnetic properties [70-72],
which are sensitive to external stimuli such agnilination with light [73]. Although the
induced magnetic properties of doped materialsofien difficult to discriminate from those
of other magnetic impurities due to the intrinsiagnetic behavior of Tms [74], IlI-Mn-Vs in
which Mn acts both as a source of local momentg Btow also a great deal of promise due
to their potential applications in magneto opticsl aptical fiber networks [76-78]. 11I-V-
based-DMSs, such as (Ga,Mn)As, pseudomorphicalywigron GaAs, adding a new
dimension to GaAs/AlGaAs heterostructures [79] bading a large Verdet's constant [78], is
promising for use in integrated optical isolatorsl a&an be integrated together with GaAs-

based lasers [80].

Moreover, it should be emphasized that opticabi®ws ensure stable emission of SC lasers in
which the nonreciprocity of the magneto-optical (M&¥fects plays a key role in the process
of isolation [81-83]. MO effects, indeed, can bdamced by incorporating one-dimensional
SC photonic crystals integrating lasers and isodateo high-performance low-cost devices
may be realized [84]. Hence the necessity to isarddO activity in GaAs-based materials,
by introducing fine particles of the ferromagndt®1) MnAs into thin films of GaAs [85]. In
GaAs/AlGaAs/GaMnAs quantum wells (QWSs), howeverhiBz et al. [86] reported a Mn
diffusion from a FM GaMnAs layer into the nonmagoegbaAs QW through the AlGaAs
barriers. Although the spin polarizated carriefjgedted into the QW showed a strong spin
lifetime increase [86,87], Mn ions act as non-rédearecombination centers in the QW [88].
In this way, Amemiya et al. [89] have fabricated:@eguide isolator, where the MnAs layer
grown on the SC optical amplifier waveguide wapadr crystalline structure, showing a soft
hysteresis curve with small remanence. Trying terceme this problem, we have proposed
another system as an alternative to MnAs resultiogn AlGaAs, to our knowledge not
studied and best-understood as extensively astilee DMSs like GaMnAs: AlGaMnAs, that
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we have predicted its behavior when used as arcadpgsolator. Fig.ll.10 shows a cross
section of a waveguide isolator that consists f@reomagnetic AlGaMnAs layer and a GaAs-
based SC optical amplifier (a multiple quantum yelhndwiched between two AlGaAs
guiding layers (barriers), whose the upper guidenggr is covered with the ferromagnetic
AlGaMnAs layer over an upper cladding layer. ThgHti passes through the SC optical
amplifier perpendicular to the figure direction) [90].

lﬂurrent

Metal Layer (Au)
Cladding layer

Ferromagnetic AlGaMnAs layer

AlGaAs (upper guiding layer)
x
GaAs/AlGaAs (MQW) - -
Light //z
AlGaAs (lower guiding layer)
Cladding layer
GaAs (substrate)

T

Fig.1.10 A cross section of the waveguide isolator.

In order to know how the Mn incorporation may affédGaAs and deeply understand the
correlated electronic, optical and magnetic praesrof IlI-Mn-Vs, we have performed total
energy calculations on zinc blende (ZB) @& .x)1yMnyAs, grown by molecular beam
epitaxy by Morishita et al. [91], and used in figfiect transistors as channel layers by Chiba
et al. [92], with & y) respectively, £0.5, 0.06) and (0.056, 0.046).
The LDA + U scheme, giving spin down and up gaprgies of, respectively, 0.988 and
0.625 eVforAlGaMnAs, has been successfully usedescribe better the strong correlations
in the Mn d-shell, although the weak hybridizatlmetweenMn3d and As 4p states found for
both majority-band and minority-band states. Theelst optical properties of AIGaMnAs
compared to those of AlIGaAs are mainly due to e radiative recombination centers in the
GaAs QW, while the Mn ions’ diffusion into the noagnetic GaAs QW from the FM layer.
From the intrinsic spin polarization found to be01% and the large magnetic moment of

4.014 IB per Mn-dopant, we can say that a systath ag AlIGaMnAs may be not only
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an attractive alternative to MnAs for the realimatof integrated optical isolators but also, as

a DMS, a good candidate for spintronics [90].

[1.2.6.c. Principles of Spin-VECSELSs

The spin-polarized vertical-cavity surface-emittlager (spin-VCSEL) promises a number of
advantages over a conventional VCSEL. As a conseguef optical selection rules, spin-
polarized electrons couple selectively to eithex kft- or right-circularly polarized lasing
mode in a VCSEL such that pumping with a 100% gmlarized current would result in a
laser featuring circularly-polarized stimulated ssmn with half the threshold current.
Additional advantages may include enhanced intgraitd polarization stability, greater
modulation bandwidth, polarization control, and ueed wavelenth chirp. The ability to
controllably modulate the optical polarization @nsconductor lasers between orthogonal
states in addition to its intensity would enabledemmunications networks with enhanced
bandwidth. Other applications benefitting from paation control in a VCSEL include

optical computing and reconfigurable optical intemsects [93].

5-pair ZnSe/MgF, DBR
p*-Al,;Ga, ,As/GaAs DER

GaAs L-cavity 4 EGINCES T AT _.
5 In,,Ga; gAs QWs n-GaAs (7x10'7 cm)

——— 3-pair n*-Al, ;Ga,,As/GaAs DBR 1=

—_
-
——
o
-
-
o

26.5-pair i-Al, ;Ga, ,As/GaAs DBR

semi-insulating GaAs(001) substrate

Fig.ll.11 Schematic cross section of the spin-laser hetemsire with a zoomed view of the regrown Al/Fe/&ba; oAS
Schottky tunnel barrier spin injector, Ref. 93.
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Chap.3 Theoretical tools: The FP- LAPW method

[1l. 1. Introduction

In the early twentieth century, the physicists digred that the laws of classic mechanics
cannot describe the behavior of small particleshsas electrons [1], but these are
governed by the laws of quantum mechanics that &lilw to calculate and predict
chemical and physical properties of the atomic mradecular systemshe knowledge of
the electronic properties allows to obtain inforimaton structural, mechanical, electrical,
vibrational, thermal and optical properties. Howeube electrons and the nuclei that
compose the materials constitute a multiple bodietem in strong interactions, which
means that the direct solution of Schrodinger egnas impossible. Thus, the expression
used by Dirac in 192f2] "Progress in knowledge depends primarily ondbeelopment

of approximation techniques as accurate as poSsible
[1l.2. The basic approximations

A crystal consists of a very large number of intéreg particles, the electrons and atomic
nuclei, so that the calculation of the energy staiestem necessarily involves a number of
simplifying assumptions. The total Hamiltonian bétsystem is written [3]

Hiot = Tn +Vin VetV gt T (11.2)

where & and T, represent the kinetic energies of electrons ardenand g Ve, and Vi,
are the energies of electron-electron interactielectron-nucleus and nucleus nucleus,
respectivelyThe first approximation is to limit the interact®between particles at the more

important term that consists the Coulomb interactiche Hamiltonian system then written

2
/R =S

2 2
H= - © R 1 eZi 1 e’
72W, Y

02
| P — — 4
m 4 , ‘Ri_ri‘ 877202‘_’ —»\

€ AN I PR

(I11.2)

where the indices j and I, J refer respectively to the electrons andeai, Z is the nuclear
charge. The stationary states of energy and the fawtions of the system are given by the

solutions of the Schrddinger equation
Hy(r, R) =Ey(r, R) (111.3)

whereR represents the coordinates of nuclei atitbse of the electronElectrons and atomic
nuclei have very different masses so that one sarthe Born-Oppenheimer approximation to

separate, as in the study of the hydrogen atoneigjevalue equation cores from that of the
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electrons. The eigenstates of the system are timmacterized by the wave functions products

of the electron wave function by a wave nucleacfiom

v(r, R) =yn(R) velr, R) (11.4)
The Schrédinger equation is written

[Te+ Tn + VeetVerit Vil wn(R) ve(r, R)=Eyn(R) ve(r, R) (11.5)
and reduces to two interdependent equations

[Te + VeetVer ve(l, R)= E(R) ye(r, R) (111.6.a)
[Tn + Vant Ee(R)] wn(R) =Ewn(R) (11.6.b)

These equations are the basic equations of thalkmc'adiabatic approximation”. The first
gives the electronic energy for a determined vaRief the nuclear coordinatedhis
electronic energy then appears as a potentialibatitbn in the eigenvalue equation of motion
of the nuclei.To study the electronic energy states of the crystause only the equation
(lll.6.a), the cores being assumed to be fixech&rtequilibrium position. But this equation
expresses the evolution of a many-body system améins a very difficult problem not yet
solved. To simplify this problem, we place oursslue the approximation to an electrdinis
approximation is to globalize the electron-electmteractions and write that each electron
evolves in a medium potential resulting from thegence of other electrons. The Schrédinger

eqguation of an electron is then written

Hur we(r) =Ee ye(r) (1.7)
where Hie is the Hartree-Fock Hamiltonian given by

+V (111.8)

coul exch

2 2
Hpez- 2-02- Y S 4 4y
2m i r =R

The first term represents the interaction potergiargy of electrons-nuclei, the;oM and

Vexch terms globalize the electron-electron interactionse Hartree-Fock approximation,
which reduces then body problem to the one-electron one, is (in sarases) a poor
approximationNevertheless, it is the only way to solve the peablnd gives good results in
calculating the structure of energy bands in sendoctors. Solving the Hartree-Fock

equation is still a problem mathematically veryfidiflt in that it requires a self-consistent
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(autocoherent) approach. Indeed, the eigenfuncti@pend on the Hamiltonian that is itself
function of the eigenfunctions by its components,\and \axcn This is the reason simplifies
the problem by representing the potential see byetactrons with a term{f) so-called the
“crystalline potentialwhich is constructed from atomic potentials asdediavith each atom
constituting the crystal lattice, taking into acobthe symmetry properties of the crystal. The

equation is then written

h’ o _
{—%D +vc(r>}wn(k,r)— E, ()W (K, 1) (111.9)
Different methods exist for solving this equatiordabtain the electronic states of the crystal:
the LCAO (Linear Combinations of Atomic Orbitalsfhe OPW(Orthogonalized Plane
Waves), the Pseudopotential method, the APW (AugedeRlane Waves),...

To summerize, in a multiple particles system, whgreng interactions between electrons
exist, the solution of the Schrodinger equatioavailable only with certain approximations.
In terms of first principles methods, two main salsaexist:

- The Hartree-Fock (HF) and post-Hartree-Fock axiprations, common to chemists;

- The methods of the Density Functional Theory (DFost used by physicists.

Their common objective is to solve the Schrodirgmguration without introducing a parameter
adjusted to the experience, i.e., to determineetiergy (E) and the wavefunctiok) of a

guantum system described by the equati¢h=EHW, where H is the Hamiltonian operator.

[11.3. History of Density Functional Theory (DFT)

Thanks to the Born-Oppenheimer approximation, theblem of solving the Schrodinger
equation is reduced to that of the behavior oftedes, but it remains still very complekhe
Schrodinger equation does not admit analyticaltsmia except in very simple cases such is
the case of the hydrogen at¢p. The difficulty in describing the electron interastirequires
making approximations to solve this problem. Weehtvbe placed generally in a mean-field
assumptionwhereeach electron moves in an effective potential geedrby the other nuclei
and electronsWe can therefore look for the total wave functi@aaproduct of one particle
wave functions. In 1928, Hartr¢®] proposed an N electrons wave functigfn,, ro,. . .,rn)

represented as the product of the one particle Jawions,

@ (r, .. K= @) @2(r2) ... on () (111.10)
A solution to Hp = Eg is given by any state that meets the conditiostationarity
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(gHlo) _
o er =0 (1n.11)

Each wave function to a particle is then the sotutschrédinger equation to an electron

{_%Dz”’Vexﬁq’i}ﬂ(f)=€i¢1.(r) (11.12)

where \y is the potential due to nuclei ardlis the mean field representing the Coulomb
interaction with the other electrons given by tloésBon equation
N 2
DZ(]Di =4 z ‘w}‘ (11.13)

j=1i#j
In the mean field theory, the electron motion isumsed uncorrelated. In 1930 Fock [6]

showed that the wave function of Hartree (lll.1®lates the exclusion principle of Pauli
because it is not antisymmetric with respect toekehange of any two particles. He proposed
to correct this defect by adding an additional teointhe non-local exchange, which

complicates considerably the calculations. The whawetion @ (r;, r2, . . ., §) IS then

replaced by a Slater determinant of one-electroveviianctions, which is antisymmetric with

respect to the exchange. We obtain then the Hafinek equations
[— %D 24V, + O i} @ (r)+V, .@(r)=¢c@l(r) (11.14)

whereV,, .@(r) is the added non-local exchange term

Vexch(r)=-ZIdr%(r) (I11.15)

i#] -

The system of equations (lll .14) can be resolvelth &iself-consistent manner to the extent
that the potential depends on the wave functions. Hartree-Fock approximation leads to
good results, especially in molecular physics,ibstill provides an upper bound to energy. It
does not include the effects of electron corretetiolt can be improved by including the
correlation effects beyond the approximation: Thisalled the configuration interaction. This
method leads, in principle, to the exact wave fiomcbut it is extremely expensive because
the number of configurations increases very rapidhiy the number of electrons. Therefore,
it can only treat the systems with few electronsmasgll molecules. The Hartree-Fock is still
an essential reference point. Shortly after thgioal paper by Schrodinger, Thomas [7] and
Fermi [8] proposed an alternative method of solvimg equation of Schrodinger based solely
on the electron density (r). The Thomas-Fermi method assumes that the mousnod

electrons are uncorrelated and that the kineticrggneean be described by a local
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approximation based on the results for free elestproportional togd (r]>?). A little later,
Dirac [9] proposed that the exchange effects ékentanto account by incorporating a term
from the energy density in exchange a gas eledtmmnogeneous. The Thomas-Fermi ap-
proximation is fairly rudimentary. For exampledides not allow the formation of molecules.
It was nevertheless successfully applied in thiel fof plasma physics. All these works were
essential to developing the density functional the®FT) which we will present now.
In 1964, Hohenberg and Kohn [10] have shown thieviehg theorems relied on the DFT :

1. The energy of the ground state of a system wmislmy electrons in an external potential

V,.(r) can be written:

E[0(N)] = [Vl p(r)dr +F [ o(r)] (111.16)

wherep (r) is the electron density andpfi)] is a universal functional gf that contains the
kinetic and Coulomb contributions to energyd there is one relationship to an additive camsta

betweenV, (r)andp. The functional Fj(r)] is universal in the sense that it does notetep

(D

on external potential which acts on the systens fiictional is not accurately known. The

jvexch(r)p(r)dr term represents the nuclei-electrons interaction.

2. Variational principle: the functional #{f)] reaches its minimum according to the variagion

of p(r) when the density reaches its ground state:
E, =min E[o(1)] (11.17)

The minimum value of B(r)] is the energy of the ground state. The dgrthiat leads to this
energy is the exact density of the ground statentiains to determine {r)]; formally:

Flo(]=T[o(n]+V..[o(1)] (111.18)

where T p (r)] is the kinetic energy of the electronic systand \e [p (r)] is the term of the
electron-electron interactions. As we do not kntw expression of T neither that ofeV

Kohn and Sham have proposed the following sepastio

first:

T[A(N] =T LM +(TT AN =T AN (11.19)

53



Chap.3 Theoretical tools: The FP- LAPW method

WhereTS[,o(r)] is the kinetic energy of an electron gas withotgraction and with the same

electron density. This term comes from an artific@nstruct. There is no known expression

of Ts in terms ofp (r), however, we know how to calculate it by remglucing an orbital

descriptior(o(r) =) f, |¢((r)|2) , where fare the occupation numbers of orbitals.

second:
Ve[ 0(N] = E4[ (0] + Ved o(N] - E W[ £(1)]) (111.20)

where E, [p(r)] is the Coulomb interaction energy of a classicalrgh distribution (that is to

say that does not take into account the discrgtecasf the electrons). It is written by

E, [p(r)]:%j%r (111.21)

Finally, F [p (r)] splits into three parts
FloM]=Ts[o(]+E4[o(N]+E.[ ()] (I11.22)
where we define the terms of exchange and coroelati

Ee[ (D] = Ve K] - E W[ oI HT[AN]-T{AN] (I11.23)

In Eex[,o(r)], the exchange energy comes from the fact thatvénee function of a system

with many electrons, which are fermions, must biessgmmetric with respect to the exchange
of any pair of electrons. This antisymmetry progduet spatial separation between the
electrons of the same spin, which reduces the @dulenergy of the electronic system. It is
this contribution which is called the exchange gyeihe exchange energy of a uniform
electron gas is known. The Coulomb energy can bleiced even if the electrons with

opposite spins are spatially separated. This eiffee is called the correlation energy. It is

very difficult to calculate the correlation energyf a complex system.

In summary, Eex[,o(r)] Is a term containing the exchange and correlatariributions to the

energy and the contribution from electronic intéats not taken into account iy @nd k.
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Finally the only unknown of our problem becomes tban of exchange and correlation
E..[ o(r)] which is not easy to calculate but, as it will beecked, has the advantage to be
much smaller. It is mostly much smaller théh’ext(r)[p(r)]dr, E.[o(n]andE, [o(1)].

three terms that determine general propertiesefyistem. We deduce the equations of Kohn

and Sham [11] that solve the problem:

Verr (N =V, [N +V, L AN] +V 61 (1.24)
p(r) =Z f () (I11.25)
[—%DZ +Veff(r)}¢i(r) =&@(r) (111.26)

where: ¢ are the states to a single particle

Vi, [o(N] :%jﬁdr'is the Hartree potential for electrons

oE, [o(N)]

V. lo(n] = 30(1)

is the potential still unknown of exchange and elatron.

The Equation (Il .26) can be seen as a Schrodiegaation for a single particle where the
external potential has been replaced by the effeqiotential defined in (lll .24). The wave
functions so obtained have no physical meaning. diinginal problem is therefore for the
resolution of N equations of this type. So far DIET is an accurate method, but in order to
that the DFT and the Kohn and Sham equations becgatde in practice, we need to provide

a form of E,[ p(r)] and for this you have to go through an approxinmatio

l1l.4. The Local Density Approximation (LDA)

To approximate the density functiongl [ o(r)] , Kohn and Sham proposed in 1965 the local

density approximation (LDA). In this approximatiowe assume that the electron density

varies sufficiently slowly within the system so th& can write:

Ep(n] = [ o(r) el an)d ¥ (111.27)
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where g™

« (n)is the energy density of a homogeneous electromigasiensity n. In other
words, we assume that around each point r, we epiaae the real system by a

homogeneous electron gas of dengity).

The term exchange of such a gas has been determexaetly by the techniques Monte
Carlo by Ceperley et al. [12]. which have tabulatké exchange-correlation term

1
hom

£.."depending on the radius of Wigner-Sei@z=[4i,o(r)]3There are many works
T

XC

parameterizations"

Xc

such as for example those of Vosko, Wilk and Nu§hB] or

Perdew and Zunger [14]. All these functionals uisuabd to very similar results.
lll. 5. The Generalized gradient approximations (GGA)

The results from an LDA calculation are often dat®ory. But the generalized gradient
approximation (GGA) is used in many cases (businhot systematic) better describe the
bonds and thus give better results on total engrye geometries for best weak bonds. It also
tends to take better into account the inhomogeneitthe density than the LDA. The
exchange-correlation energy in GGA is written dws:

Ex>"[o(n] = [ f(a(r), [Op(r)pd (I11.28)

wheref is a function of the local density and local dengjtadient. Like£'"in LDA, in

C

GGA f must be set in an analytical form in ordefdoilitate the calculations and as there are
different forms ofe!*™ in LDA, there are different parametrizations of fanctionf in GGA.,

XC

In Fig.lll.1, the self-consistent cycle of the Deyp$-unctional Theory (DFT) is given:
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Fig.lll.1 Self-consistent cycle of the density functionalaitye(DFT).

[ll . 6. What is a pseudo potential?

We seek to study the system {core+ electrons} ardust to calculate:
E. [ (1] =é [Vod 1) pAr)dr (111.29)
Q

whereV,,(r)is the Coulomb potential created by the naked mudle have seen that one

can distinguish between two types of electrons:dbee electrons and valence electrons.
Core orbitals are the lowest in energy, are locaest the nucleus, are largely insensitive to
the environment and do not participate in chemicaids. In addition, they are difficult to
represent on a plane wave as they generally hage Iascillations around the nuclei. In
contrast, the valence orbitals are not localizedl tans extend away from the nucleus. What
they determine to first order the physicochemicapprties. The idea introduced by Fermi is
then the simplification of electronic structure adhtions by eliminating heart conditions.
The effect of core electrons is replaced by ancéffe pseudopotential. The system which is
treated in this system is not {the naked nucleusleetrons} but {{naked nucleus +core
electrons] + valence electrons} = {"ions"+ valeredectrons}. one therefore seeks to replace
a potential electron-nuclei by a lower potentiahiat reflects the screening of the nucleus
by the core electrons. The pseudopotentials arenpats that lead to a reference electron
configuration of the isolated atom to the exaceriglues and eigenfunctions as regular as
possible, consistent with the atomic wave functibegond a certain radius chosen called
cutoff radius ¢ These eigenfunctions, called pseudofunctionse hlie same properties
diffusion (the same logarithmic derivatives) thiag tvave functions real. They are asked to

have the greatest potential transferability thatoissay that they are usable in as many
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systems as possible, that is to say, in differeatrhodynamic environments. There are three

main types of pseudopotentials, which each haue @deantages and disadvantage:
* The pseudopotentials of maintained stnorm intceduby Hamman et al. [15].
* The ultra-soft pseudopotentials introduced by dé&ubilt [16].
* The "dual-space Gaussian" pseudopotentialsdoired by Goedecker et al. [17].
[ll. 7. Methods for calculating the electronic structures

To better understand all properties (electronidicap thermal, mechanical or magnetic)
of the materials, different methods for calculatiefgctronic structures have been

developed and made available to researchers:

*1I.7.1 Empirical methods: using the experienodind the values of parameters, which

can be applied to process of materials formatimw(fspraying, crystallization).

* 1II.7.2 Semi-empirical methods: requiring atonparameters and experimental results
to predict other properties that have not yet bidstermined experimentally, and also for

studying complex systems.

* [I1.7.3 Ab-initio (or first-principles) methodsthat use only the atomic constants as
input parameters for solving the Schrodinger eguatand can accurately determine the

spectroscopic, structural, and energetic properties

The researchers have developed methods of firstiples, based on theoretical concepts,
for solving the Schrodinger equation based on th&, [hcluding three groups:

*I1.7.4 Methods based on a linear combinatod atomic orbitals (LCAO) [18, 19], used,
for example, for the bands "d" of the transitiontahe
*11.7.5 The methods derived from the orthogbred plane waves (OPW) [19, 20], that

suit better the conduction band of "sp" charaatesimple metals.

*I1.7.6 The cellular methods of the type "awgnted plane wave (APWJ21] and the
method of the function Greenf Korringa, Kohn and Rostoker (KKR) [22,23], ajgpble to a

wider variety of materials.
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*[I.7.7 The Linearized methods developed bgmdarsen[24] : Linearized augmented
plane wave (LAPW) and linearized "Muffin-Tin" orhls (LMTO), that can save several

orders of magnitude in computation time.

[11.8. The Linearized Augmented Plane Wave (LAPW) nethod

The LAPW method is an improved method of augmeptade waves (APW) developed by
Slater [25- 27] In 1937, Slater describes the Augped Plane Wave (APW) method in his
article [21]. In the vicinity of an atomic nucleubge potential and wave functions are of the
form "Muffin-Tin" (MT) with a spherical symmetry side the MT sphere of a radius.R

Between Atoms, the potential and wave functions banconsidered as being smooth.
Consequently, the wave functions of the crystaldemeeloped in different bases depending

on the considered region: Radial Solutions of ttler&inger equation inside the MT

spheres and plane waves in the interstitial reffriagure 111-2).

' ™)
Interstitial area

M T sphere

Ra

Fig.lll. 2 Muffin-tin potential.

The unit cell is divided into (I) non-overlappingpeic spheres (centered at the atomic sites)
and (1) an interstitial region (area). In the ttypes of regions different basis sets are used:
inside atomic sphere, of radiug,R linear combination of radial functions timefiesgpcal

harmonics Yy(r), and in the interstitial region a plane waveanxsion is used.

or) =%ZCGJW >R, (111.30)
@Ar) = AU (1Y, (1) Ry
(111.31)

WhereQ is the volume of the cell,. £and A, are the expansion coefficients in spherical
harmonics Y. The function Y(r) is a regular solution of the Schrédinger etrafor the

radial part which can be written as:
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2
{—d—2+'('f1)+V(r)—a}u|(r):o (111.32)
dr r
where V (r) is the muffin-tin potential and Epresents the energy of linearization. The radial
functions defined by (111.32) are orthogonal to agenstate of the core but this orthogonality
disappears at the sphere boundaries [24] as shothe ifollowing Schroédinger equation:

d’ru, _

dr?

d’ru,

E.-E)ruyu,=U
(E,-BE)ruy, 2 dr?

U, (11.33)
where Y and U are the radial solutions for the energies &d E. The collection is
constructed using the equation (l11.32) and integgaby parts.

Slater justifies the choice of these particularctions noting that the plane waves are
solutions of the Schrodinger equation when the mi@kis constant. As for the radial
functions, they are solutions in the case of a spdlgpotential, when Hs an eigenvalue. This
approximation is very good for materials with culstructure face-centered, and less
satisfactorily with the decrease in symmetry of thaterial. To ensure continuity of the

function ¢(r) on the surface of the muffin-tin sphere, thg éoefficients must be developed

according to the gcoefficients of plane waves existing in the intiéiedt regions. These

coefficients are thus expressed by the followingregsion:
A= S CiK+gRIY,(K+ O (111.34)
" Q™ (R) "

The origin is taken at the center of the spherd, n coefficients are determined from those
of plane wavesC;. The energy parameters &e called the variational coefficients of the

APW method. The individual functions, labeled byo&ome thus compatible with the radial
functions in the spheres, and we obtain the augedeptane wave (APWS). The APW
functions are solutions of the Schrodinger equatiothe spheres, but only for energy E
Consequently, the energy EBust be equal to that of the band index G. Theams that the
energy bands (for a point k) cannot be obtainedabsimple diagonalization, and it is
necessary to treat the secular determinant as @idanof energy. The APW method, and
built, presents some difficulties related to thedion U (R,) that appears in the denominator
of equation (I11.34). Indeed, according to the eabf the parameter,Bhe value of Y (R,)
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can become zero at the surface of the muffin-tinesp, resulting in separation of radial

functions with respect to plane wave functions.

To overcome this problem several changes were natiee APW method, including those
proposed by Koelling and Andersen [28]. The modiimn is to represent the wave function

@(r) inside the spheres by a linear combinationadiial functions Y(r) and their derivatives

with respect to the energ@y I(r), giving rise to the FP-LAPW method
[ll. 9. Principle of the LAPW method

In the LAPW method, the basic functions in the nmifin spheres are linear combinations
of the radial functions \r) Yim (r) and their derivativebl 1Y, (r) with respect to energy.
The functions WYare defined as in the APW method (111.32) and thgf¥nction U (r) must

satisfy the following condition:

{_d_2+l(l+1)

2 2 +V(r)-E.}rU'| (r)=ru, () (111.35)
dr r

In the nonrelativistic case, these radial functiblgr) andUL]; (r) ensure, to the surface
of the muffin-tin sphere, the continuity with thiape waves outside. The wave functions
thus augmented become basic functions (LAPW) ofFthe. APW method:

or) =%ZCGJW >R, (111.36)
@r) =D [AU(r) +B U (N]Y,.(D roR,
(111.37)

Where the coefficients B correspond to thénction U[]; (r) and are similar and that the
coefficients An. The LAPW functions are plane waves only in theenstitial areas as in
the APWmethod. Inside the spheres, the LAPW functionsoatter suited than the APW
functions. While E differs somewhat from the band energy E, a line@mbination
reproduce the radial function better than APW fiomg consisting of a single radial
function. Therefore, the function, dan be developed according todtsivative U[}; and

the energy E
U,(E.1)=U, (E .1+ (E-E)U (E n+O(E- E)’] (111.38)
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whereO[( E- E)?] represents the squared energetic error.

The method LAPW ensures the continuity of the wawetion at the surface of the muffin-
tin sphere. But, with this procedure, the calcolai become less accurate, compared to
APW method, which reproduces the wave functiony vezll, while the FP-LAPW method
causes an error on the wave functions of the astiéE - E)* and another on the energies of
bands the order of (E )& Despite this order of error, the LAPW functionsnfi a good basis
which allows a single [Eto obtain all the valence bands in a wide eneegyon. Where this is
not possible, one can generally divide the enermpdew into two parts, which represents a
great simplification compared to the APW methodgémneral, if | is equal to zero at the
surface of the sphere, its derivativé), is not zero. Therefore, the problem of continaty
the surface of the sphere MT will not arise in theAPW method.
Takeda and Kubler [29] proposed a generalizatiothef LAPW method in which N radial
functions and their (N - 1) derivatives are usedkctEradial function owns its parametgrdd
that the error associated with the linearizatioavisided. We find the standard LAPW method
for N = 2 and R close toE,, while for N> 2 errors can be reduced. Unfortuhyatihe use of
derivatives of high order to ensure the convergergeires a much larger calculation time
than in the standard FP-LAPW method. Singh [25] ifired] this approach by adding local
orbitals at the base without increasing the cwga#rgy of plane waves.

[ll. 10. Role of the energy of linearization (k)

The functions YandU[ ], are orthogonal to any core state strictly restddb the muffin-tin
sphere. But this condition is satisfied only if thes no core states with the saimeand
therefore, one risk confusing the semi-core statdsthe valence states. This problem is not
treated by the APW method, while the non-orthogtyalf some core states in the FP-
LAPW method requires a delicate choiceEpf In this case, we can not calculate without
changing E The ideal solution in such cases is to use d tmtgtal development. However,
this option is not available in all programs, andhis case, one must choose a radius of the
sphere as large as possible. Finally, it shoulchdted that various |Eshould be defined
independently of each other. The energy bands lfferent orbitals. For an accurate
calculation of the electronic structure, lust be chosen to be as close as possible to the
energy of the band, if the band has the same

[11.11. Development in local Orbitals

62



Chap.3 Theoretical tools: The FP- LAPW method

The purpose of the LAPW method is to obtain aceuksnd energies near the energy of
linearization E[24]. In most materials, it's sufficient to choose thesergies near the center
of the bands. This is not always possible and thesematerials for which the choice of a
single value Eis not sufficient to calculate all energy bandss ik the case for materials
with 4f orbitals [26,27] and transition metals [30,31]isTts the fundamental problem of the
semi-core states that is intermediate between &henge state and the core. To remedy to
this situation it's used either to use multiple rggewindows, or using a local orbital

development.
[11.12. The LAPW+LO method

The development of the LAPW method in local orbitaltaschange the orbitals from their
base to avoid the use of multiple windows, usindpied category of basis function¥he
main idea is to treat all bands with a single epemindow. Singh [25] proposed a linear
combination of two radial functions corresponding tivo different energies and the
derivative with respect to the energy of one oséhkinctions which gives rise to the LAPW
+ LO method:

P, =[AnUi(r By) + B Ui By) + G U B () (11.39)

Where the coefficients | are of the same nature as the coefficientR,r A,m and By
previously defined.Moreover, this change decreases the error in theulation of the

conduction and valence bands.
1. 13. The APW+lo method

Recently, the development of the Augmented Plane#e\APW) methods from Slater's
APW, to LAPW and the new APWg was described by Schwarz et al. 2(84].
The problem of the APW method was the energy depmeel of all basic functions. This
dependence has been eliminated in the LAPW + LChoagtbut with a larger set of basis
functions. Recently, an alternative approach ippsed by Sjosted et al [33] named the APW
+ lo method. In this method, all the basic functionf & independent on energy and have
always the same size as that of the APW methodhithsense, APW 40 combines the
advantages of the APW method and those of the LAPMD method. All the basic functions
of APW +lo contains two types of wave functions. The firs an augmented plane waves

(APW), with a range of fixed energies E
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q):TZCGé(G+K) >R, (111.40)
Q" 75

® =3 AU (NY, (D) IR,
Im

(I1.41)

The second type of functions are local orbitdty @ifferent from that of LAPW + LO
method, defined by:

®=0 =R (111.42)
®=[AU(rE)+BU(rE)+ G UL ENY, () IR,
(111.43)

In a calculation, a mixed basis APWoerand LAPW can be used for different atoms and even
for different values of the numbekrin general, we describe the orbitals which coggenore
slowly with the number of plane waves (like thes3ates of transition metals), or atoms with
a small sphere with the APW + lo basis and thewdbta base LAPW [34].

[ll. 14. The concept of the FP-LAPW method

The linearized augmented plane wave (LAPW) metBagmong the most accurate methods
for performing electronic structure calculations foystals. It is based on the density
functional theory for the treatment of exchange aodelation and uses e.g. the local spin
density approximation (LSDA) [32]In the Full Potential linearized Augmented Plane
Waves method (FP-LAPW) [34] no approximation is mad the shape of the potential nor
on that of the charge densifyhese are rather developed in spherical harmonitgedattice
inside each atomic sphere, and Fourier series @ itfterstitial regions, hence the
qualification of "Full-Potential”. This method tlefore ensures continuity of potential at the

surface of the muffin-tin sphere and develops fodews:

(1) = ZVKein >R (11.44)
D(r) =D Vi (1Y, (1) R,
(111.45)

Similarly, the charge density is developed in thert:
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O(r) = pY V, e >R, (11.46)
QD(I') :zplm(r)Ylm(r) ER&
(11.47)

111.15. The Wien2k code

The Linearized Augmented PlaneWave (LAPW) methosl fr@ven to be one of the most
accurate methods for the computation of the elamtrstructure of solids within density
functional theory. A full-potential LAPW-code forrystalline solids has been developed
over a period of more than twenty years. A firgpytghted version was calleIEN and

it was published by Blaha et al. [35]n the following years significantly improved and
updated Unix versions of the origind/ien code were developed, which were called
Wien93, WierB5 and Wie®7. Now a new version, WIEN2k, is available, whiclbased on
an alternative basis set. This allows a signifigargrovement, especially in terms of speed,
universality, user-friendliness and new featuresen®k is written in Fortran 90 and
requires a Unix operating system since the programsdinked together via C-shell scripts.
It has been implemented successfully on the Pensiystems running under Linux. It is

expected to run on any modern Unix (Linux) syst8&j.[

- % Symmetry
NN |,

|

|

LSTART| ¢ (4) .
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: ) | (26
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Fig. 1.3 Algorithm of the FP-LAPW method (Wien2K codéy check the non-overloapping of sphergk;

atomestic calcul Hy=E1; ® atomic density (input file)® structure file (input file)*® Generation of thé-
mesh;® Superpossition of atomic densiti€d: 0%V ,= El 1 ® atomestic calcul Hy=Enlni; © pra=llk Lk

a0 PrewPoid  (Pvart Peore)-

References of Chap. lli

[1] L. De Broglie, Ann, Phys3, 22 (1925).

[2] Dirac, Proc. Roy. Londred23 714 (1929).

[3] Henry Mathieu, Hervé Fanet, Physique des sentdiaoteurs et des composants
électroniques Cours et exercices corrigégdition (2009), Dunod Paris.

[4] Nicolas RichardActinides et terres rares sous pression, Approskagopotentiel
(Doctoral thesis) Département de physique théorequppliquée, CEA/DAM - Direction lle
- De - France, 2002.

[5] D .R. HartreeProc. Cambridge Philos . So24 :89, 1928.

[6] V. Fock .Z. Phys.61 :126, 1930.

[7] L.H . THOMAS .Proc. Cambridge Philos . So@3 :542, 1928.

[8] E.Ferm|. Z. Phys .,48: i 3, 1928.

[9] P.A .M . Dirac .Proc . Cambridge Philos. So6:376, 1930.

[10P. Hohenbergnd W . Kohn Phys Rev B, 136:864, 1964.]

[11] W. Kohn and L.J . ShanPhys. Rev. Al40 :1133, 1965.

[12] D.M. Ceperley an® .J . Alder.Phys. Rev . Le t.t, 45:566, 1980.

[13] S .H. Vosko, L . Wilk, and. Nusair.Can. J. Phys .58 :1200, 1980.

[14] J .P. Perdew and A . Zung@hys. Rev. B23:5048, 1981.

[15] D.R. Hamman, M. Schulterand C . ChiangP?hys Rev. Lett , 43:1494, 1979.

[16] D. Vanderbilt. Phys. RevB, 41:7892 , 1990.

[17] S. Goedecker, M. Teter , and J . Huttehys. Rev. B34:1703, 1996 ; CHartwigsen, S
. Goedecker , and J. HuttePhys Rev B, 58:3641, 1998.

[18] F. Bloch, Z. Phys52, 555(1928)., 19J. C. Slater, « Quantum Theory ofddules and
Solids », V2, Ch. 8 (1965).

[19] J. C. Slater, « Quantum Theory of Moleculed &olids », V2, Ch. 8 (1965).

[20] C. Herring, Phys. Rewx7, 1169 (1940).

[21J. C. Slater, Phys. Rédl, 846 (1937).

[22] J. Korringa, Physica3, 392 (1947);

66



Chap.3 Theoretical tools: The FP- LAPW method

[23] F. S. Ham, B. Segall, Phys. R&24, 1786 (1961).

[24] O. K. Andersen, Phys. Rev.R, 3060 (1975).

[25] D. Singh, Phys. Rev. B3, 6388 (1991).

[26] D. J. Singh, Phys. Rev. 8}, 7451 (1991).

[27] S. Goedecker and K. Maschke, Phys. Re#2B3858 (1990).

[28] S. Goedecker and K. Maschke, Phys. Rex2B3858 (1990); O. K. Andersen, Phys. Re\l B
3060 (1975);

[29] T. Takeda and J. Kubler, J. Phys$,661 (1979).

[30] D. J. Singh and H. Krakauer, Phys. Revi31441 (1991).

[31] D. J. Singh, K Schwarz and P. Blaha, Phys..Bei6, 5849 (1992).

[32] User’s Guide, WIEN2k 10.1 (Release 16.06.20P@}ter Blaha, Karlheinz Schwarz,
Georg Madsen, Dieter Kvasnicka, Joachim Luitz, Yiekniversity of Technology, Inst. of
Physical and Theoretical Chemistry Getreidemarkb6/ A-1060 Vienna/Austria.

[33] E. Sjosted, L. Nordstrom and D. J. Singh, &&8tate Commuri14, 15 (2000).

[34] G. H. K. Madsen, P. Blaha, K. Schwarz, E. 8dsand L. Nordstréom, Phys. Rev.@l,
195134 (2001).

[35] P. Blaha, K. Schwarz, P. Sorantin, and S. igKEy, in Comput. Phys. Commun. 59,
399 (1990)

67



Chap. 4 Results & Discussions

Part 1: Effect of nitrogen incorporation on the eletronic and optical properties of
AlGaAsN/GaAs quantum well lasers

IV. I. Introduction

Over the last few years, group lll nitrides andirtte@loys have attracted a great deal of
attention as being among the most important magesgstems for optoelectronic and
electronic applications. The band gap of the 1IW¥Nsystems depending strongly on the N-
content as well as their lattice parameter and #lectron effective mass has made of these
alloys attractive materials for long wavelengthtioad cavity surface emitting lasers (LW-
VCSELSs) and high efficiency hybrid solar cell agplions. The InP-based systems have been
the source for wide reach applications, but dutwo electron confinement they have poor
high-temperature characteristics and their costanesntoo high to design a high volume
modern data communication networks.

As such, the GaAs-based systems were proposed akeamative to the InP-based ones to
solve the above problems and a novel material fmoelectronics has been adopted,
AlGaAsN, which has not been studied as extensiaslthe other narrower band gap IlI-N-V
systems such as its homologous InGaAsN. The Ga#ésebdilute group IlI-AsN materials
systems with nitrogen content in the few percengeahave attracted considerable current
interest because of their use as active materiaptoelectronic devices such as VCSELs on
GaAs emitting at 1.am.

QW lasers have been developed extensively singeetki@bit many advantages, such as very
low threshold current densities, high coupling @éincies into optical fibre, single mode
operation, narrow static and dynamic linewidth, hhigutput power, large modulation
bandwidth, and high lasing temperature. The desmimization of the QW lasers requires a
large degree of numerical computation because thereseveral laser parameters involved
such as the quantum well/barrier composition, tlmaler of QWSs, the cavity length and the
facet reflectivity. The basic properties of AIGaN&sAs materials are of great technological
interest and the choice of varying N fraction hasvigled the flexibility of controlling both

electronic and optical properties.

IV. 2. Approximate quantized energy levels

So as to calculate the optical transition wavelergtween the quantized energy levels in the
AlGaAsN/GaAs heterostructure, a schematic energyl labagram for a typical QW structure
is shown in Fig. 1V.1, where respectivelf/EE; and AE, are the discontinuities of the band

edges of conduction and valance bands (CBs and &Be heterojunctiork., andE,, the
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energy levels in CBs and VBEy and E, = Ey +Eynt+Ecy are the band gap energy and the
transition energy between the two quantized en&rggls, E;. and E;, are the quasi-Fermi
levels for electrons and holes in the well. Assugrtimat the quantized levels for holeg are
measured from the top of the VB down into the VB aising the parabolic band model, we
can obtairk,, by solving the following eigenvalue equations [1]

My _ /AEVE_/ B ={tan- co}W—"Zm’WEV”{n even, od} (IV.1)

m,, (2n)
with 7z =h/2z the Planck’s constan®/ the well width,m,, andm,, the effectives masses of

holes inside of the well and the barrier, respetyiv

If AW, :ﬂ/ /AEV% andAEv >> Evn this later i:=xpressed by [1, 2]
My, My

{(n +1) 77 (28 /\/WW)}

2 W+AW
E\/n - 2 3 (IV2)
2 [ m,(w+aw
It should be noted that (1V.2) is an accurate sotuto (1V.1) whenAEv becomes infinity:
2
| (n+Dsr 211 2m,,
E, = W (IV.3)

If we neglect the AW,)® term in (IV.2), we can interpreM( +AW,) as an effective well
width, whereAWvis induced by a finite barrier heighEv. The energy levelg., for the CB
are expressed by (IV.2) if weplace the subscriptby c. We have calculated the subband
energies for the VB as a function Af,Ga,-xNyAs;-y well widths, and plotted them in Fig.IV
2. For the limit when the well width reduces zero, the first subband energy for the BV
approaches the limit of the VB-edge discontinuiy, , whereas, thaumber of energy levels
increases with the well width increasing. Howevethe barrier widthW, is extremelylarge
the Tunnel effect decreases and the QWs consttukia laser structure act independently.
Note that theduplication of the levels (in Fig.lV. 2) is due tbhe Tunnel effect which
decreases for an extremely large barrier widthothrer hand, the variation of the effective
masses shows the effects of #tein on the QW laser performances, which has important
applications to optoelectronic and electronic desic
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Fig.IV. 1 Band model for a quantum well structure.
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Fig.IV. 2 Quantized energy levels in the valence b&pfl(of Al,Ga_As;yNy, QWs as a function of the well
width (W).

The program calculating the variation of the eneagya function of the well width (unique
well), given by Fig. IV.2, is as follows [3]

$debug
c

¢ Author: N. SEKKAL
c Title: NewWidth.for

¢ Description: This programme calculates the eigene nergies of a quantum
¢ well versus the well width. It also calculates th e charge

¢ density for a chosen confined level.

c

implicit real*8(a-h,0-z)
parameter(nombre=10000,Cc=1.,Na=2,n1=1000,zero=0.)

dimension E(nl1),E1(nombre+1),D1(nombre+1)

complex(8) Al(n1),A2(n1),B2(n1),B3(n1),M(4,4),0Oran, Jj1
Real*8 Mb,Mp

integer Choix

Jjl=cmplx(0.,1.)

crc=.000130921055349

open(unit=1,status="unknown’ file='width.dat")

write(*,*)'Choix=1 for energy ; Choix=2 for charge density’
read(*,*)Choix

if(choix.ne.l.and.choix.ne.2) then

print*,'stop, choix must be equal to 1 or to 2

stop

endif

if(choix.eq.2)then

write(*,*)'Nv le niveau choisi'

read(*,*)nv

write(*,*)'n2 indice du point L abcisse'

read(*,*)n2

endif

write(*,*)'hauteur de barriere en meV'

read(*,*)Vbl

Vb=Vb1l*crc

write(*,*)'Mb= barrier mass, example: 0.13 in AlAs'

read(*,*)Mb
write(*,*)'Mp= well mass, example: 0.067 in GaAs'

read(*,*)Mp
c
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In2=0

do A=2,200,1 ! A=largeur du puits

In2=In2+1

1=0

J=0

If(In2.eq.n2.and.choix.eq.2)then

print*,'fonction d"onde pour Largeur de puits=",A, ' Angstroms'
endif

C ____________________
do 10 E2=0,(Vb1-1.D-4),((Vb1l-1.D-4)/Nombre)
I=1+1

E1(l)=E2*crc

Eee=E1(l)

call equ (Eee,Vb,Mp,Mb,Ro,xK)

call Trmat (Ro,xK,Mp,Mb,M,A jj1)

call det(M,Oran)

D1(l)=CDABS(oran)

IF(1.1t.3) GOTO 10

IF (D1(1-2).gt.D1(I-1).AND.D1(l).gt.D1(I-1)) THEN
J=J+1

E(J)=E1(I-1)/crc

Eee=E1(l-1)

call equ (Eee,Vb,Mp,Mb,Ro,xK)

call Trmat (Ro,xK,Mp,Mb,M,A,jj1)
A1(J)=DCMPLX(1,0)

A2(D)=AL(IP*(-M(L,1)*M(2,3)+M(L,3)*M(2,1))/(M(L,2)* M(2,3)-
& M(2,2)*M(1,3))
B2(J)=A1(J)*(-M(L,2)*M(2,1)+M(L,1)*M(2,2))/(M(1,2)* M(2,3)-

& M(2,2)*M(1,3))
B3(J)=(-M(3,2)*A2(J)-M(3,3)*B2(J))/M(3,4)

IF (Choix.eq.1) THEN

write(1,*)A,E(j)

ENDIF

IF (Choix.eq.2.and.J.eq.Nv.and.In2.eq.N2)then
do Xx=-A*Na,-A/2.,A/2./100.
F1=ABS(A1(J))**2*DEXP(R0*Xx)**2
write(1,*)Xx,F1

enddo

do Xx=-A/2.,A/2.,A/2./100.
F2=ABS(A2(J)*CDEXP(Jj1*xK*Xx)+B2(J)*CDEXP(-Jj1*xK*X X))**2
write(1,*)Xx,F2

enddo

do Xx=A/2.,A*Na,A/2./100.
F3=ABS(B3(J)*DEXP(-R0*Xx))**2
write(1,*)Xx,F3

enddo

write(1,*)A*Na,zero

write(1,%)-A/2.,zero

write(1,*)-A/2.,Cc

write(1,*)-A/2.,zero

write(1,%)A/2.,zero

write(1,*)A/2.,Cc

ENDIF

ENDIF

10 continue

I ———————

énddo
|

END

C ....................
subroutine equ (Energie,hauteur,Mp,Mb,R0,xK)

implicit real*8(a-h,0-z)

Real*8 Mb,Mp

Ro=DSQRT(2*Mb*(hauteur-Energie))

xK=DSQRT(2*Mp*Energie)

RETURN

END

C ....................
subroutine Trmat (Ro,xK,Mp,Mb,M,Ajj1)

implicit real*8(a-h,0-z)

Real*8 Mb,Mp

complex(8) M(4,4),jj1

M(1,1)=DEXP(-R0*A/2)

M(1,2)=-CDEXP(-Jj1*xK*A/2)

M(1,3)=-CDEXP(Jj1*xK*A/2)

M(2,1)=M(1,1)*(Ro/Mb)

M(2,2)=(-Jj1*xK/Mp)*(-M(1,2))
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M(2,3)=(Jj1*xK/Mp)*(-M(1,3))
M(3,2)=(-M(1,3))

M(3,3)=(-M(1,2))

M(3,4)=(-M(1,1))
M(4,2)=(Jj1*xK/Mp)*M(3,2)
M(4,3)=(-Jj1*xK/Mp)*M(3,3)
M(4,4)=(Ro/Mb)*(-M(3,4))

RETURN

END

C ....................
subroutine det(M,MM)

complex(8) M(4,4),MM

MM = M(1,4)*M(2,3)*M(3,2)*M(4,1) -

&M(L,3)*M(2,4)*M(3,2)*M(4,1)-M(L,4)*M(2,2)*M(3,3)*M (4,1)+
&M(L,2)*M(2,4)*M(3,3)*M(4, 1)+M(L,3)*M(2,2)*M(3,4)*M (4,1)-
&M(L,2)*M(2,3)*M(3,4)*M(4,1)-M(L,4)*M(2,3)*M(3,1)*M (4,2)+
&M(L,3)*M(2,4)*M(3,1)*M(4,2)+M(L,4)*M(2,1)*M(3,3)*M (4,2)-
&M(L,1)*M(2,4)*M(3,3)*M(4,2)-M(L,3)*M(2, 1)*M(3,4)*M (4,2)+
&M(L,1)*M(2,3)*M(3,4)*M(4,2)+M(L,4)*M(2,2)*M(3,1)*M (4,3)-
&M(L,2)*M(2,4)*M(3,1)*M(4,3)-M(L,4)*M(2,1)*M(3,2)*M (4,3)+
&M(L,1)*M(2,4)*M(3,2)*M(4,3)+M(L,2)*M(2,1)*M(3,4)*M (4,3)-
&M(L,1)*M(2,2)*M(3,4)*M(4,3)-M(L,3)*M(2,2)*M(3,1)*M (4,4)+
&M(L,2)*M(2,3)*M(3,1)*M(4,4)+M(L,3)*M(2,1)*M(3,2)*M (4,4)-
&M(L,1)*M(2,3)*M(3,2)*M(4,4)-M(L,2)*M(2,1)*M(3,3)*M (4,4)+
&M(L,1)*M(2,2)*M(3,3)*M(4,4)

RETURN

END

oo ———

IV. 3. The transition wavelength

The desired transition wavelength correspondinthéotransition between quantized levels,

based on equation IV.3, can be expressed as [2]

A, () = L2 (IV.2)
(E,+E,+E,):(eV)

In Figure 3, we have plotted the calculated tramsitvavelengthl o and,, respectively for

the first (£ n= 0) and second {2 n= 1) transitions between electrons and heavy Heless

as a function of the well width for the AkGayosNoosASegs (Well)/GaAs (barrier) QW
structure. The two curves correspond to the nuraklyicalculated values of the wavelength
by neglecting AWi)* (i = c, V) in (IV.2) for both £ and 29 transitions and corresponding to
the used parameter values in the calculationdistelable 1. The simulation results suggest
that the AlGaAsN system has proved its high po#érfior applications in GaAs-based
telecom lasers in the 1;@n range for an active layer width up to 20 nm. Kmgythe GaAs,
AlAs, GaN and AIN VB offsets of respectively —0-81.33, —2.64 and —-3.44 eV [4], a VB
offset value for AdosGay.gsNo0sASo9s Of —0.9 eV is adopted and a VB-edge discontinwiti
GaAs ofAE, =~ 0.21AEy is assumed, i.eAE/AEy = [- 0.8—(—0.9)]/[1.424-0,941].
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Fig.IV. 3. Wavelengths corresponding to the first)(&nd second (9) transitions between the quantized energy

levels of conduction electrons and heavy holes asfumction of the well width calculated for

Al 005G & 95AS0.96N0.04 (Well) and GaAs (barrier).

Table 1 Parameter values used in the wavelength calculation

Band gap (eV) Electronic effective mass (inumnits) Heavy holes effective mass (ip umits)
GaAs 1.424 0.0665% 0.62
Al sGaAsN g, 0.94F 0.076F 0.6343

ab.CThis work with data of Ref. [7], [23], [24] and][4" ¢ Ref. [23, 4] | Ref. [24]

Part 2: Optical properties of zinc-blende AiGay.,As:Ny materials

IV. 4. AlIGaAsN an alternative to AlGaAs

As said above, the research on GaAs-based alloysrévaealed important electronic and
optical properties with many advantages over Ingetasystems such as low cost devices.
Although AlGaAs epitaxially grown on GaAs form hedginctions with perfectly matched
lattices and AlGa,xAs alloys should have a direct band gap in the Alenfraction range up

to = 0.45, the conventional GaAs—AlGaAs material syst@ihsemiconductor (SC) quantum
well (QW) lasers have the disadvantage of relagiviehited wavelength emission between
0.78 and 0.87 mm [5]. However, many applicatiortgine longer wavelengths belonging to
the 1.3-1.55 mm range with minimal loss and digparsNitrogen doped IlI-V SCs are
widely studied due to their unique properties amdice applications in high-efficiency
hybrid solar cells such as long wavelength photeaters and diode lasers. The incorporation
of small amounts of nitrogen (N) to form diluteNH V alloys produces a profound effect, due
to the chemical and size differences of the Asldratoms, on the fundamental band gap as
well as the lattice parameter of the IlI-AsN madési This strong non linear band gap
reduction has been observed in N-ion-implanted Al§sand epitaxial AlGaAsN, where an
anticrossing interaction of a narrow band of higblgalized N states with the extended states
of the IlI-V matrix splits the conduction band (CB}fo two non-parabolic subbands. Note
that the nitrogen induced has a negligible effatttlte valance band (VB). This so-called

band anticrossing (BAC) model has also predicted the lower subband of the IlI-V-N
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alloys should have a greatly increased electroectffe mass compared to that of the I1I-V
matrix. It is important to point out that the cheiof varying N content in the IlI-AsN
materials, such as AlGaAsN, hasprovided the fléigybof simultaneously controlling both
electronic and optical properties. In order to stgate the properties of AlIGaAsN as an
alternative to AlGaAs, our calculations are based a0 predicted separate confinement
heterostructure (SCH) laser with a single QW, whiohsists of a n-Als:Ga sAs cladding
layer grown on an n-GaAs substrate, apGalxAsiyNy QW, which is more suitable as an
active layer (withx=9/32 andy=1/32) embedded in an undoped, AGa 72As waveguide
(barrier layers), a p-AkGasAs cladding layer and followed by a GaAs cup layér.
schematic of the studied QW system without the énd layers GaAs is presented in Fig.
IV.4. The step in the band gap betweep ABay 72AS0.9MNo0.03 and AbdGay 72AS is sufficient

to confine the carriers in the active layer, an@ ttep in refractive index between
Alo3/Gay sAs and Ab2dGay 72As confine the light.

s-tdoped p-oped

<+— Optical waveguide —» __

Alg2sGag 1 ASeNpg QW

Al
L_-\l..__-g{_};|,.—:_-\.x barriers

Alga7Gag g2As cladding layers

Fig. IV.4. Schematic diagram of studied quantum well (QWj}e&ys
While the 11I-V nitrides have a stronger tendenzgtystallize in the wurtzite (WZ) structure,

the zinc-blende (ZB) structure of IlI-V-N systemwans several applications of greatest
interest such as the realization of devices opegdily inter-subband transition like quantum
cascade lasers and some infrared detectors. Yah [] predicted that while AIN has an

indirect gap in the ZB structure, in the WZ struetthe band gap will become direct. Can
AlGaAsN be stabilized in the ZB structure? If sall wlGaAsN have an indirect band gap?
Munich and Pierret [7] predicted that the vast majaof AlGaAsN alloys crystallize in the

ZB crystal. Yu et al. [8] reported that ,&a.As;,Ny alloys remain direct gap even for
x>0.44 whereas the band gap of theGs, ,As is indirect. So, let us try to answer the follow
guestion: In what way is the AIGaAsN material faterest for the QW laser and solar cell

heterostructures?

V. 5. Details of calculation
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All calculations for binaries, ternaries and quasey are based on the self consistent first
principles Full Potential Linearized Augmented RlaNaves (FP-LAPW) method within the
local density approximation (LDA), as embodied Ire twien & code [9]. The unit cell is
divided into non-overlapping muffin-tin (MT) spherearound the atomic sites and an
interstitial region. The electronic configuratianfsAl, Ga, As and Nare Al:Ne 3s23p1, Ga:Ar
3d%s4p', As:Ar 3d°4<4p® and N:He 252p°. The MT radii (RMT) for Al, Ga, As and N
atoms were adopted to be 2.13, 2.16, 2.17 andBbhi, respectively. In the MF spheres, the
I-expansion of the non-spherical potential and ghalensity was carried out uplt,=10. In
order to achieve energy eigenvalues convergeneeyéve-functions in the interstitial region
were expanded in plane waves with a cut-ofkgf=8/Rvt.We adopted a supercell approach
for the ALGa.,As and AlGa,As;yN, band structure calculations on which are based the
optical properties. Twa values (12/320.37 and 9/320.28) with a representative example of
y=1/32=0.03 were realized by substituting Al and As atdmgsGa and N, respectively. To
model the AddGay 78S, Alps/GaysaAs and AbdGay 72AS0.9Mo.03 random alloys, we have
used a small 64-atom fbanASz2mNm supercell with (n, m)=(9, 0), (12, 0) and (9, 1),
respectively for the two ternaries and the quatgrnahich corresponds to the/2x2\3x2\3
supercell. The atomic positions of the Al and Nuoeld atoms are given for structures in their
ideal and unrelaxed forms. Thantegration over the Brillouin zone (BZ) is prefoed using
the Monkhorst and Pack mesh [10]. A mesh of 14iapkgoints was taken in the irreducible
wedge of the BZ for ternaries and quaternary. Sihég well known that the LDA to the
density functional theory (DFT) underestimateskibed gap of SCs, scissors operation with a
rigid upward shift of the CB have been used toexirthe LDA error in the energy gap of the
ternaries and quaternary, which are calculatedgugie BAC model (Eq. (1)). For &ba.
xAs1.yNy and according to this model, the energy of theeloeonduction subband E—, which
is responsible for the reduction in the fundamehgaid gap [7], arising from the interaction
of theI'-CB states (represented by, Ehe ALGa As fundamental gap) with the localized N
induced level g is derived from [11]

a(k)z%{[EM(k)+ E]-\[E(B- E] +4 &, § (IV.5)

refer to Fig.IV. 5 for an illustration of theVax2V3x2V3 supercell (displaying a N atom in an
As site).
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al \| e Ga
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Fig.IV.5 lllustration of a 2/3x2V3x2V3 Al,Gay ,As; N, supercell.
Procz et al. [12] have analyzed the interband itians in diluted AJGa.xGay.yNy, with
x<0.37 and ¥0.04 by photomodulated reflectance and have shbattiie CB of these alloys
can be described by the experimentally motived Bad@tlel.
The AlxGal-xAs fundamental band gap and the N |giedn relative to the GaAs VB edge
energies are \=Ey+1.40% and E=1.625+0.068 (both in eV), respectively. EO is the GaAs
interband transitionCyy is the matrix element for the coupling betweenrhmgen-induced
states and the extend lowest CB states, taken 2032eeV [12] andyx, y) are the (Al, N) mole

fractions.

IV. 6. Lattice match in Al,Ga; xAs/GaAs heterostructure

To achieve AlGaAs/GaAs heterostructures with négliginterface traps, the lattices between

the two SCs must be closely matched [13], sincesethaps become non-radiative

recombination centers that cause the material tyualideteriorate [14]. We will investigate

the lattice mismatch between the substrate GaAdtandladding layer AGa As given by
Aa _ aygaas—a
aGa.As a'GaAs

whereapicaas andacaas are the lattice constants of GaAs angGs As, respectively, in the

Gars 100% (IV.6)

range of Al mole fraction ©Ox <0.375 andAa=a, g\~ Agaa- 10€ simulated results listed in

Table 2 indicate that the lattice constant incremisie the increase in Al composition and that

AlLGa xAs have a lattice mismatch with GaAs of 0.157%wdf best fit the results shown in
Table 2 with the formulaa, g, (X) = Xayt (1— R 8. O X1— ¥, the lattice parameter

aaicaas Nas a positive derivation from Vegard’'s lawsef.0113t 0.0024 due to the relaxation
of the Al-As and Ga—As bond lengths in AlGaAs.
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Table 2 Structural parameters for binaries and terna@eadculated lattice constard.f) and bulk modulus (&) for GaAs
and AlAs are compared to experimental data aexpBagd B, and Aa/a are the pressure derivative of B and the lattice
mismatch between GaAs and AlGaAs, respectively.

Material aa(A)  AngA) B.a(GPa) B.(GPa) B’ Aala(%)
GaAs 5.6103 5.6103°%°  75.81% 760 77 43077 -
AlAs 5.6396 5.660% 76.028 77 4.3608 -
Alg1GaygrAs 5.6128 - 80.173 - 43643  0.032
AlgGayAs  5.6158 - 79.67% . 43507 (oo
AlgsGay s 5.619F - 79.47¢ . 42890 ;157

2 This work.™ " Ref. [13].¢ Ref. [18].7 Ref. [19].
°Ref. [25]. Ref. [26]. " Ref. [27].

IV. 7. Band structure of Alp 3/Gag e3As and Aly 26Gag 72AS0.9MNo.03
As emphasized in Fig. IV.6, the maximum of the \fi8ldhe minimum of the CB in the band

structure for Ad3/GayssAs are both found af, the symmetry point. As a consequence of
using LDA approximation, the calculated band gaprgies are underestimated compared
with the experimental data for binaries and the BA®del values for ternaries and
quaternary. The shiftsEy to amend these gap energies, calculated fromxiherienental

values of GaAs and AlAs on the one hand and the BAlQes for AlGa.xAs and AlGa.
xAs1.yNy on the other, used in calculations of the optraperties are presented in Table 3 as
well as the atomic positions of the Al and N indlie@doms, all in Cartesian coordinates. From
the band structure of AbdGay 72AS0.9MNo.03 ShOown in Fig. IV.7 (right) and Fig. 1V.8 (left)pe
can then remark the direct character of the gappaedict that the direct-to-indirect band gap

transition may occur fox<0.5 [7].

Table 3 Fundamental band gap energies and their gap’senatuwell as the atomic positions (in Cartesiarrdinates) of
the Al and N induced atomsqEgacy and Eca) are the BAC model and Vegard's law gap energied\fgBa;,As;.,Ny and
AlLGa.,As. AEy is the corresponding energy shift calculated toem the energy gap that the LDA underestimates. F
binaries, experimental data were adopted to caknlg,.

Material EoexdeV)  EadeV) EgvcAeV) AEy Gap's nature
GaAs 3.018 - - 1. 089 Indirect®®f
AlAs 1.424° - - 1.144 Direct®c4ef
Alo 2Gay7hs - 1.802 1.872 1.127 Direct®?
Alo2gGaAsN oz - 1.308 1.944 1.802 Direct®™

Al, N positions

Al 1(0.00,0.00,0.00)
Al 5(0.50,0.00,0.00)
Al 3(0.00,0.50,0.00)
Al 4(0.50,0.50,0.00)
Al5(0.00,0.00,0.50)
Al¢(0.50,0.00,0.50)
Al+(0.00,0.50,0.50)
Alg(0.50,0.50,0.50)
Al ¢(0.25,0.25,0.00)
Al 1¢(0.75,0.25,0.00)
Al 11(0.25,0.75,0.00)
Al ;10.75,0.75,0.00)
N(0.625,0.875,0.875)
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 This work with data of Ref. [12].

® T This work with B cax=3.299 eV and Ean=5.4
eV from the Ref. [4].

° Ref. [13].Y Ref. [18] °Ref. [19].

9 Ref. [28]." Ref. [7].
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energy.
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Fig. IV.8 Band structure and total DOS 0§AiGay 72AS0.oMo.03 Z€ro energy is taken at.E

IV. 8. Charge density of Ab2dGap 72AS0.9/N0.03

N doping of AlGaAs alloys leads to strong spatial correlation dffdoetween the atoms
whose origin is the transformation of the bond®rafedistribution of the atoms on their
lattice sites [15]. On increasing N content atxadi Al composition in AlGayxAS1.yNy,
eventually all Al atoms available are used up funfation of AI-N bonds instead of Ga—N
bonds [16] since the enthalpy of formation of AB\significantly larger than that for the other
constituent binary compounds [17]. The ionic chemaof any alloy can be related to the
charge transfer between the cationic and the anmites; for this reason, we have calculated
the total charge density of MdGay 72AS0.9AN0.03 Which is illustrated along all the bonds and
in the (1 1 0) plane containing Al, Ga, As and Nnas$ (Fig. IV.9). One can see clearly for the
Al-N bond that the bonding charge is displacedrsgfip towards the N atom, due to the
difference between the electronegativity valuesh&f two atoms. The calculated electron

charge distributions show that the ionic charaoteXlGaAsN tends to be more significant.

Fig. IV.9 Contour plot of total valence charge density il (@) plane for A ,§Ga 72ASg.9MN0.03
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IV. 9. Dielectric function
Acquaintance of optical properties is of great im@oce in the design and analysis of
optoelectronic devices such as light sources atettigs. At all photon energies &= these

properties are described for a medium by the coxnglillectric function [18]

Elw) =& (w) +ig,(w) (IV.7)
where the two parts of the dielectric function,| rgaand imaginar¥,, are connected by the
Kramers—Kronig relations. Fig. IV.9 displays spattvariations of, and &,from numeric
calculations forAl g 2dGa 72AS0.9MNo.0s In Fig. 1V.10, we show the fundamental peak erssrg
of £,for GaAs, Alg2dGay 72AS, Alo2dGay 72AS0.0MNoos collected in Table 4 as well as the

indirect band gap energEgL, which also plays an important part in the speotrbothe, and

£,[18].

Table 4: Calculated peaks of the dielectric functigfw) for Alg.dGay 72As and A} »dGay 72AS0 9.0z Calculated Eand B
transitions, indirect band gap, E static optical paramete;(0) and real part of the refractive index at theresponding
fundamental band gap energigéEg) for GaAs (compared with experimental data), ABa, 7,As and Ab »§Gay 72AS0 /N0 03

are given.
Material ES(eV) Ei(eV) ExeV) £1(0) n(Ey)
GaAS ca) 0.907  4.427 6.218 9.364 3.17*
GaAS exp) 173 3.0 5.1° 13.20 3.642
Alg 2dGay 72AS 1557  4.782 6.618 17.556  4.364
AlogGaAsNe  1.108  4.05¢ 8.32¢ 52.346  7.544

2 This work.”Ref. [17].% ° Ref. [24].

Sinces, (w) can be strongly related to the joint density ofetgDOS) function, we have also

calculated the total DOS okl 2dGay 72AS0.9Mo.03as illustrated in Fig. IV.8 above,where the
energy zero is taken at the Fermi energy leve). (Erom the calculated partial DOS of the
guaternary alloy grouped in the total DOS (Fig.8)y three prominent series of bands are to
be taken into account: VB2 localized in the enamgyge (-12.479, -10.088) eV, which arises
primarily fromthe As 4s states with a slight coptiion of N 1s and Al 3s states; VB3
contained in the range (-6.713;) eV, which consists of amixture of Al 3s, N 1s d&d 4s
states and CBL1 situated in the range (0.528, 7.@43yvhich arises primarily fromthe Ga 4p
states with a slight contribution of N 2s, As 4umlakl 3p states. One can mostly remark the

presence of N states in all bands and the absdrtbe Ga 3d and As 3d states contribution.
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Fig. IV.10. Main peak energies of dielectric functioe2) for GaAs, Ab.28Ga0.72As and Ab.28G20.72As0.97N0.03 Band
gaps are displayed by arrows.

IV. 10. Refractive index

Knowledge of the optical index of SCs turns outbt of fundamental importance in opto-
electronics [19]. The complex refractive ind€x) = n («w) + ik(«) is given by [18]

n(@) =[&(@) +ig,(I]" (IvV.8)
where the real refractive index (w) and the extinction coefficierkt(c) are both real and
positive numbers. From the above equations it feslthat [18]

g, =n"—k* ands, =2n k (IV.9 a, and b)

and also that

nr (C()) - [‘91(@2 + 82((4))2 +£1((‘J)] Y2 and nr (C()) - [‘91(@2 + 82((4))2 _‘91((4))] vz (lVlO a, and b)

2 2
The corresponding variations in the calculatedndk for Alg 2dGay 72AS0.9MNo.03 are shown in

Fig. IV.11 over a range of photon energies up &/6where experimentally the dispersion is

normal. Sinceg, calculated from several located interband tramsstimay be taken as zero in
the transparency region, near and below the lodiestt band gap, we can assume that [18]
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n(w) =[&,(w)]"? (IV.11)

To understand the changes ifa) occurring in the SC laser cavity under population
inversion resonant frequencieg need to be considered; the first resonance carnelspto
band gap radiation ghwo, While for subband gap radiations an increaseqimwill cause a
shift in the transition energy upwards, which cep@nds to quantum transitions between
levels [20]. Normal dispersion is associated withdecrease in (w) with increase in
resonance energy for a given photon energy, whiclvery useful for SCH [21]. The
variations inn, for GaAs, Ab2¢Gay 72As and Ab 2dGay 72AS0.9/No.03 OVer a range up to 6 eV are
shown in Fig. IV.12, where for 1.424 eV as the phoenergy, nis 3.177 in GaAs and
changes from 7.752 in AlGaAsN to 4.269 in Al0.28G&As. The main peaks in; n
correspond to the interband transitions. The seshpeak for AIGaAsN is related mainly to
the g transition of 4.059 eV.
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Fig. IV.11. Spectra of refractive indexrjrand extinction coefficient (k) for AbdGay 72AS0.9MNo.03
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Fig. IV.12. Variation of real part of refractive indexrfrior GaAs, A} ,dGa 72As and A} ,dGa 72ASg 9N 0z OVer a range of
photon energies up to 6 eV.
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IV. 11. Reflectivity

The reflection coefficient (R) is among the mospaortant optical constants related to the
dielectric function. It characterizes the refleetiight energy part at the cleaved facets of the
resonant cavity. For normal-incidence the reflattiis [13,19]
R:Ep{%;zitz (IV.12)
The facet reflectivity for the RAbdGay 72AS0.0MNo.03 active layer compared with that of the
AlodGay77As barrier layers have been considered in Fig. 3V.The main peaks of
reflectivity for the barrier layers, 61.2%, 61.9%0a68.9%, are underestimated to those of the
active layer, 86.9%, 83.7% and 83.2% at 4.443 (kgatransition), 6.208 and 7.211 eV,
respectively. One can also see the large effecthenincorporation of N on the facet

reflectivity of Aly2éGap 72AS0.9MNo.03
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Fig. IV.13. Calculated spectra of normal-incidence reflectifir Al g 4Gy 72ASp 97N 0.03andAl g 26Gay 72AS.

IV. 12. Absorption coefficient

The light incident on the AlGaAsN/GaAs QW structumay cause excitation of the ground
state electrons from the VB to the CB or from oobb&nd to a higher subband, where the
required energy is supplied by the photons andligig is absorbed [22]. The absorption

coefficienta(w) characterizing such a phenomenon, defined asigheenergy absorbed in

unit length per unit incident energy, depends aih Iparts ok(w) and is given by [13,18]
a(w) = 47” k(w) (IvV.13)

A is the wavelength of light in the vacuum. Fig. 1¥.shows the absorption in AkGa 72As
and Ab.dGay72AS0.0Moos A zero absorption coefficient for both alloys abserved for
photons possessing energies below the band gaje wégillations such as 4.024 ),

5.929 and 9.084 eV in the absorption as a funatiophoton energy for the active layer are
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apparent forho>Ey, corresponding respectively to the peaks 547.34x4p4.46x10 and
429.12x10 cmi™.
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Fig. IV.14. Absorption coefficientd) of Alg »dGa 727450 9Ng.0zcompared to that of AbdGay 72AS.

Part 3: Can the ferromagnetism be observed with doping aionmagnetic species like

nitrogen (N) into the nonmagnetic semiconductor AI@As system?

There are currently a large number of observatajrierromagnetism associated with doping
of a priori nonmagnetic species into nonmagnetic oxide semigtnds. The subject has been
given the name ofl, magnetism to emphasize the fact that the magnatispnobably not
coming from partially filledd orbitals, but from moments induced in tpeorbitals of the
oxygen band [29].

So, in which way is the physical behavior of AlGaAglifferent than of AlGaAs doped with

a metal transition like Mn (i.e., AlGaAs:Mn)?

Al,Ga xAs/GaAs system is potentially of great physica¢iest and technological importance
for many high-speed electronic and optoelectroeiaks [30]. However, experiment shows
that the radiative performances of arsenides-bag@delectronic devices are strongly
sensitive to the density of dislocations, causimg material quality to deteriorate, and yet
seems to affect the optoelectronic performanceshefnitrides-based layers [14,24[he
diluted N-containing semiconductors (DNS’s), sushle AlGaAsN material with a nitrogen
(N) content typically less than 5% [31], have aiteal considerable interest as the
incorporation of even a small amount of N that eaasstrong dependence of the lattice
parameter on the N content as well as the bandagapdecrease by more than 100 meV per
atomic percent of nitrogen [32]. This N-ion- impiation has made the basic properties of
DNS’s interesting [33], while the IlI-V-N materialsmportant for long wavelength

optoelectronic devices [34] and high efficiency hglsolar cell applications [35].
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Another kind of diluted IlI-As materials, that sheva great deal of promise due to their
potential applications in spintronics, magneto apind optical fiber networks [36-37], are
the diluted magnetic semiconductors (DMS’s) in vahgctransition element, such as Mn, acts
both as an acceptor and source of local momenis (@&,Mn)As for example, the IlI-V-
based-DMS between GaAs and magnetic ion Mn thatbeapseudomorphically grown on
GaAs, adds a new dimension to the GaAs/(Al,Ga)Asrbstructure system by introducing a
new degree of freedom associated with magnetic exatipe phenomena and related spin
effects [39], can be integrated together with GaAsed lasers, and is thus a promising
material for use in integrated optical isolatorf][4AIGaAsN and AlGaAsMn belonging to
DNS’s and DMS’s may be applied to optoelectronizickes and optical fiber networks,
respectively. Our calculations aim for comparing thptical properties of two materials
arising from the AlGaAs parent. We have performedoamparative first principle study
illustrated by a representative example4(32, y=1/32) between (AGa..)i1yMnyAs and
AlLGaxAs1yNy. Despite its electronic properties being stronaffected by inducing small
amounts of Mn substitutional atoms in the catigublattice of AlGaAs, (AlGa)1yMnyAs
possesses optical properties strictly less thasetlus AlGa.«AsiyNy, especially its optical
conductivity at the peak 1.256 eV. The results dath that AlGaMnAs may be a good
candidate for optoelectronics when exploited inagbtfiber networks, and it can still be of
great interest because of its promising potentfe@mused for spintronics
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Fig. IV.15 (Left) The total DOS of AlGa,As, AlGa.As,Ny and (ALGa,)1,MnyAs for an Al concentration
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From the partial DOS performed within the LDA apgeb, One can mostly remark (Fig.
IV.15 in bottompanel) that the (-1.68,—0.65) eV range, neardhef the valence band (VB),
for AlIGaAsN is dominated by N-contribution (overcenby 2 levels) and a weak N-
contribution is localized outside this range. Timergy zero is taken at the Fermi lewgl
However, for AlGaMnAs, the Mn-contribution (overcerby 3l levels) dominates the top of
VB by (-0.65,Ef) eV range as shown in Fig. IV.16. We can also pointtbet Al- states
domination over CB and deep levels of VBie top of AlGaMnAs at VB is also dominated
by As 4 and Mn 38 levels, while a mixture of Gaséand As 4 dominates the bottom of CB.
In AlGaAsN, the top of VB arises primarily from ties 4p and N 2 states, while the bottom
of CB is dominated by of a mixture of A$,4Al 3p and N 2 levels. It should be noted,
however, that As @ levels are strongly present over most or all thelied energy range,
either for AlGaAsN or AlGaMnAs.
The LDA+U scheme has been used to obtain morestieaknergy spectra and help to
establish theoretical microscopic origins of feregnetic in DMS’s [41] such as AlGaMnAs.
To illustrate this trend, Fig. 1V.16 shows an LDA+talculation (with U the Hubbard
parameter taken to be 0.3 Ry [38]) of total DOSAby1,4d5aMmny p312As and partial DOS for
Mn 3d and As 4 states. Within the LDA+U scheme, which describidvestrong correlations
in the Mnd-shell, one can see (bottompanels) a weak hybridization between Mha®d As

4p states found for both majority-band and minorigyt states.
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and As 4 states for both Up and Down-band states can be see
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Imaginary parte, indicates two inter-band transitions shown in Rigll7; AlGaAsN is
characterized by a strongest peak at 3.28 eV, nhghstrongly dependent on the ionic
polarization of the AIGaAsN crystal due to the ljectronegativity of N, and a weakest one
for AlGaMnAs at 3.25 eV.
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Fig.IV.17 Imaginary part of the dielectric functions ofpAbGaAsSN, gz125aNd Ab 1.6GaMny g312AS.

In Fig. 1V.18, we show the reflectivity spectra forlg12GaAsSN 3125 and
Alg124GaMmy o312AS systems. It is interesting that there is an plbmeduction in the
reflectivity spectrum after 20 eV for both systeomhfirming the occurrence of a collective

plasmon resonance.
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The calculated refractive index and extinctionfiioent are shown in Fig.IV.19. We note
that at low energy these systems show high ret@andices, which decrease at higher

energies.
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Fig.IV.19 Refractive indexes and extinction coefficients &f AGaASN g3105and Al 126GaMny gz124AS.

At low energies between 2.0 to 4.0 eV and at higimergies (at around 11.0 eV), this crystal
shows a fast increasing absorption. A strong irsgrea opticalconductivity with increasing
the photon energy has been observed forg;ABaAsN 3125 compared to
Alo124GaMm o312AS, respectively. Beyond the photon energy of 47 the conductivity of
AlGaMnAs dominates than of AlIGaAsN. The calculatgatical conductivitys(w) for the
investigated systems is shown in Fig. 1V.20. Thaksean the optical conductivity spectra are
determined by the electric-dipole transitions bemvéhe occupied states to the unoccupied

states.
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Fig. IV.20 Optical conductivities of Al;24GaAsSN, g3125and Al 1265aMny g3104AS.

The calculated absorption coefficient is shownim FV.21. At low energies between 2.0 to
4.0 eV and at higher energies (at around 11.0 #u$, crystal shows a fast increasing
absorption. A strong increase in opticainductivity with increasing the photon energy has
been observed for Al.dGaAsN oz12scompared to Ali24§6aMmy o312S, respectively. Beyond
the photon energy of 3.47 eV, the conductivity 66AMnAs dominates than of AlGaAsN.
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Fig. IV.21 Absorption coefficients of Ali.dGaAsSN p3125aNd Ab 16GaMry g3124AS.

The lowest optical properties of AlIGaMnAs compatedhose of AlGaAs are mainly due to
the non-radiative recombination centers in the G@¢ while the Mn ions diffusion into the

nonmagnetic GaAs QW from the FM layer.
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From the intrinsec spin polarization found to bé&%0and the large magnetic moment of
4.014 g per Mn -dopant, we can say that a system suchl@aMnAs may be not only an
attractive alternative to MnAs for the realizatiohintegrated optical isolators but also, as a
DMS, a good candidate for spintronics. The resulicate that AlGaMnAs may be a good
candidate for optoelectronics when exploited inagptfiber networks, and it can still be of
great interest because of its promising potentiahenw usd for spintronics.
As for the N-doped AlGaAs, we have found that etrerught this system is not magnetic like

MgO:N, but it may be of great interest for optoélesic devices.
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Conclusion and Outlook
The Optoelectronic components from the technoldgmtiided GaAs spinneret (simple,
efficient and of low cost) are used to implement eanission wavelength strategic and
privileged by the modern optical fibers. Our cdmition focuses on the study of the
AlGaAsN/GaAs quantum wells used in long-wavelenBSELs and photovoltaic cells.
The objective of this work, motivated by our curiggo discover more about the AlGaAsN
promoter material, is to study its electronic aptical properties.
The aim of this work, motivated by obtaining lasepgrating at the wavelength of Ju1 on
GaAs substrate and suitable window layers for stétls, was to study the optical properties
of the ALGa.xAs1yNy SC alloys with low nitrogen (N) content. In padiar, it's suitable to
precise the role that plays N on the emission cterigtics of these alloys.
A first study is to understand the effects of rgea incorporation on the nitrides of the IlI-Vs,
where we reported (using the anti-crossing bandetyatiat the fundamental energy gap
decreases and the effective mass increase wheatéhef nitrogen incorporated increases.
The second part focuses on the study of the dilt#&s-N alloys applied in LW-VCSELs
and spin VCSELs, and solar cells. About substigutihby a transition element, like Mn, it
was observed that the resulting alloy AlGaAsMn neagbcandidate for integrated optical
isolators and spintronics, but contrary to what omght think, the incorporation of N in
AlGaAs give rise no magnetic effects such is treeaat MgO:N, although AlGaAsN remains
a good candidate for optoelectronics.
Theoretical tools represented by the FP- LAPW netnad the Wien2K code are given in the
third part. The linearized augmented plane waveRYAA method is among the most accurate
methods for performing electronic structure caltafes for crystals. It is based on the density
functional theory for the treatment of exchange aodelation, using here the local spin
density approximation (LSDA).
The fourth part of this thesis focuses on the tesahd discussions, where first the analytical
expressions derived for the quantized energy lelval®e been show to provide not only an
efficient way of computing the optical transitioravelength between these quantized levels
of electrons and holes in QWSs but also a convemet of designing the AGa-xNyAS:-y
QW lasers for which the analytical approach is eigxdto show its significant advantage for
tuning the emissiowavelength in the near infra-red range until An®
Based on the near perfect match between AlGaAsGa#s and that the choice of varying N
content (up to 4%) allows one to control electranit optical properties of the IlI-AsN

materials, an efficient ab initio calculation usithg FP-LAPW method has been presented to
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study the optical properties of a predictedG¥d;.,As;yNy, SCH laser. We can assume that the
BAC model may provide an efficient approach of rasting the band gap shifts with the
LDA approximation when using the scissors operatoalculate the optical properties. The
band structures of &Ba;,As and AlGayxAs1.yNy alloys (with x0.375 and %0.03) show a
direct gap, which is of great interest for optitansitions. The bonding charge strongly
displaced towards the N atom in AlGaAsN and thes@mnee of the N states in all bands of the
partial DOS of this material proves the powerfdeef that produces the incorporation of N in
AlGaAs. For AlGaAsN the strongest peak in refragtindex at 4.059 eV and the main peak
in reflectivity of 87% at 4.443 eV are related mgito the | transition and may be also due
to the N+ implantation in AlGaAs. The observed eak absorption coefficient such as
~5.5x1¢ cm*,which appears beyond the band gap and near thmition, are expected to
show a significant interest in the design of QWasalell heterostructures on a wide range of
wavelengths. Finally, we can say that AlIGaAsN may anly be an attractive alternative to
AlGaAs for the realization of devices operating ioyer-subband transition but also an

efficient way of computing the dielectric functioelated parameters.
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Appendix
(Important Terms and EffedtsOptoelectronics and Photonics)
Absorption coefficient a characterizes the loss pliotonsas light propagates along a certain
direction in a medium. It is the fractional changethe intensity of light per unit distance
along the propagation direction, that is,

o
| OX

wherel is the intensity of the radiation. The absorpti@efticient depends on the photon
energy or wavelength. Absorption coefficientr is a material property. Most of the photon
absorption (63%) occurs over a distancer1and 164 is called thepenetration depth d.
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Absorption coefficientd) vs. wavelength)( for various semiconductors.
Absorption is the loss in the power of an electromagneticatamh that is traveling in a
medium. The loss is due to the conversion of lggigrgy to other forms of energg/g.lattice
vibrations (heat) during the polarization of thelesoles of the medium, local vibrations of
impurity ions, excitation of electrons from the etate bando the conduction baneic
Active region s the region in a medium where direct electrorehpdir (EHP) recombination
takes place. For LEDs it is the region where ma$P Eecombination takes place. In the laser
diodeit's the region where stimulated emissexteeds spontaneous emissamal absorption.

It is the region where coherent emission dominates.
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Antireflection (AR) coating is a thin dielectric layer coated on an optical idevor

component to reduce the reflection of light andease the transmitted light intensity.

ny Hy ns

P oo

\ T
Antireflection Semiconductor of
coating photovoltaic device

Surface

lllustration of how an antireflection coating reésahe reflected light intensity.
Buried double heterostructure laser diodels a double heterostructure semiconductor laser
device that has its active regitisuried” within the device in such a way that itssrrounded

by low refractive indexnaterials rendering the active region as a waveguid

. Oxide insulation —. - Electrode
P -AlGaAs (Contacting layer) | If—‘
p-AlGaAs (Confining layer) !
n-AlGaAs 7=

p-GaAs (Active layer) —— /
n-AlGaAs (Confining layer) —
n-Gads (Substrate)

Schematic illustration of the cross sectional stmeeof a buried heterostructure laser diode.

Bragg wavelengthis a particular wavelengtty of electromagnetic radiation that satisfies the

Bragg diffraction condition,
q/]?B =2Asind

where A is the periodicity of the diffracting structumejs the refractive inderf the medium
diffracting thewavesand 9 is the diffraction angle, and g is an integer (1),2so that the
electromagnetic radiation becomes diffracted.

Carrier confinement is the restriction of injected charge carriers tesmall volume to
increase the carrier concentration. The restricibmjected carriers is achieved by using a
heterojunction so that there is a step change in ¢beduction band edge AEc) or a step
change in th@alence bandedge AE.).

Chemical vapor deposition (CVD)is a chemical process by which reaction betweeaaes
reactants results in products that are depositedlab

Chromatic dispersionis due to thalispersionof a traveling pulse of light along amptical
fiber as a result of the wavelength dependence of theagaiion characteristics and
waveguide properties but excluding multimode disjper. Chromatic dispersion arises as a

result of the range of wavelengths in the emissjmectrum of theemitter (e.g.LED or laser
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diode) that are coupled into the fiber. It is the conation of material dispersion and
waveguide dispersion

Cladding is thedielectric layer that surrounds the dielectric core ofamtical waveguide
Coherent radiation (or light) consists ofvavesthat have the same wavelength and always
have the same phase difference with respect to eatler & all times.
Complex refractive index characterizes the propagation of a light wave imedium in
which there is a loss of energy, that is, the ebacagnetic wave experiences attenuation, due
to various loss mechanisms such as the generationphmnons (lattice waves),
photogeneration, free carrier absorption, scatjeratc. If N is the complex refractive index,
then N =n - K, where the real pan, the refractive index, represents the effect of the
medium on the phase velocity, and the imaginary, parcalled the extinction coefficient,
represent the attenuation suffered by the wave @aviels along a well-defined propagation
direction.

Confining layer is a layer with a wider bandgap than the activedagnd adjacent to it, to
confine the injected  minority carriers to the active layer.
Core is the central region of awptical fiber that has a higheefractive index than the outer
region. Most of the light propagates through theeaegion of a fiber.

Cryptography: (cryptology from, "hidden, secret”; and "writing", or "studyéspectively) is
the practice and study of techniques for securentonication in the presence of third parties
(called adversaries). More generally, it is aboomstructing and analyzing protocols that
overcome the influence of adversaries and whichrelegded to various aspects in information
security such as data confidentiality, data intggand authentication. Modern cryptography
intersects the disciplines of mathematics, compust@ence, and electrical engineering.
Applications of cryptography include ATM cards, qmumer passwords, and electronic
commerce.

Distributed Bragg reflector (DBR) laser diode has one of the optical cavity reflectas a
mirror that has been designed like a reflectioretgiffraction grating ; it has a periodic

corrugated structure.

Distributed Bragg
reflector

e VA y
\
Active layer C omuz'ned b)
(a) dielectric structure
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(a) Distributed Bragg reflection (DBR) laser priplg. (b) Partially reflected waves at the
corrugations can only constitute a reflected wavenvthe wavelength satisfies the Bragg
condition.
Dry etching refers to the removal of material, typically a ke pattern of semiconductor
material, by exposing the material to a bombardnoéribns (usually a plasma of reactive
gases such as fluorocarbons, oxygen, chlorine,nbichloride; sometimes with addition of
nitrogen, argon, helium and other gases) that dijgoportions of the material from the
exposed surface. Unlike with many (but not all, segropic etching) of the wet chemical
etchants used in wet etching, the dry etching m®cdgpically etches directionally or
anisotropically.
Electromagnetic (EM) waveis a traveling waven which the electric field and magnetic
field oscillations are at perpendicular to each otherasal to the direction of propagation. It
is a solutionof Maxwell's wave equatiorsubject to appropriate boundary conditions. One
very simpleexample is a plane polarized electromagnetic wagehas harmonic electric and
magnetic fieldvariations with time and space. Such a wave, ihbhite extent, would be a
monochromatideM wave. Suppose th#t (sayEx) is the electric field an® (sayB,) is the
magnetic field at one instaat one location (at a particulay. If k is thewavevector, thenE,
B andk are all perpendicular in a linedielectric medium (optically isotropic).
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An electromagnetic wave is a travelling wave whias time varying electric and magnetic

fields which are perpendicular to each other aeddilection of propagation,

Infrared (IR) is radiation with wavelengths that are longjgmn 700 nm but shorter than 1
mm. Infrared radiation was discovered Wjlliam Herschel(1738 - 1822) in 1800 in the
spectrumof the Sun.

Lasing conditionsare the conditions for obtainirgpntinuous wavelasing emissions from a

laser device consisting of a pumped medium witbatical gain within anoptical resonator

97



structure, that is within an optical cavity withcereflectors. The optical gain of the medium
is must just overcome the losses in the mediumatsalthe losses from the end reflectoes. (
radiation escaping from the cavity). The net rotmgl-gain must be unity and the phase
change must be a multiple of;2o0therwise theslectromagnetic wavecannot replicate itself.

The corresponding optical gain of the medium istktieshold optical gaign.

Light emitting diode (LED) is a semiconductor diode which emits incoherentateah.
LEDs operate on the principle spontaneous emissiomesulting from electron hole pair
injection anddirect recombination under forward bias. Consider what happens whpma
junction is forward biased. As soon as a forwaishi is applied across thisinction, this

voltage drops across the depletion region sinceishhe most resistive part of the device.

Luminescence in general terms, is the emission of light asesult of an excited electron
transiting down to the ground energy level. Iseaiconductor, this would correspond to the
recombination of an electron and a hole; the excited electraimésconduction band (CB)
electron and its ground state corresponds to a iholke valence band(VB) . In contrast,
light emitted from an ordinary light bulb is due tloe heating of the metal filament. The
emission of radiation from a heated object is caliecandescence In luminescence,
emission of radiation requires the initial excivatiof electrons. If the electron excitation is
due to photorabsorption, then the process is identified plotoluminescencelhe direct
electron—hole recombination mechanism generally@ceery quickly.

Metalorganic vapour phase epitaxy(MOVPE), also known arganometallic vapour
phase epitaxy (OMVPE)or metalorganic chemical vapour deposition (MOCVD), is an
arranged chemical vapour deposition method. It lighly complex process for growing
crystalline layers to create complex semiconductuaritilayer structures. In contrast to
molecular beam epitaxy (MBE) the growth of cryst@sby chemical reaction and not
physical deposition. This takes place not in a watubut from the gas phase at moderate
pressures (2 to 100 kPa). As such, this techniguyareferred for the formation of devices
incorporating thermodynamically metastable all@ys] it has become a major process in the
manufacture of optoelectronics.

Multiple quantum well (MQW) lasers have the structure of alternating ultrathin layefs

wide and narrow bandgagemiconductors The smaller bandgap layers are the active layers
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where electron confinement and lasing transitige falace whereas the wider bandgap layers

are the barrier layers.

Active layer Barrier layer

E ¢ ‘|¢ T

e i e ¥y -

= = =

-

A multiple quantum well (MQW) structure. Electroae injected by the forward current into

active layers which are quantum wells.

Photocatalysisin chemistry, is the acceleration of a photoresctin the presence of a
catalyst. In catalysed photolysis, light is absdrbg an adsorbed substrate. In photogenerated
catalysis, the photocatalytic activity (PCA) depgrah the ability of the catalyst to create
electron—hole pairs, which generate free radicajglroxyl radicals: «OH) able to undergo
secondary reactions. Its practical application wesle possible by the discovery of water
electrolysis by means of titanium dioxide. The coencrally used process is called the
advanced oxidation process (AOP). There are sewergd the AOP can be carried out; these
may (but do not necessarily) involve TiGr even the use of UV light. Generally the deftnin
factor IS the production and use of the hydroxyl dical.

Optical isolator allows light to pass in one direction and not ie tdpposite direction.
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