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SUMMARY

One of the key advances in photonic technology in recent decades was the
development of a ne type of diode lasers emitting the visible and infrared region.
These vertical cavity surfagamitting lasers (VCSELs) emerged from a laboratory
curiosity in 1977[13] to an object of industrial magsoduction[14] and are currently
used in manyapplications. The applications include communication, printing, and
absorption spectroscog¥5]. Their rise incredibility has largely been motivated by the
rapid evolution of their performance, the more sweeping recognition of their
compatibility with lowcog waferscale fabrication, and thepossible formation into
specific arrays with no change in ttadrication procedure.

Various applications such as advanced chemical sensotsgindensity optical
storage require coherent and snsitle ultravioletemtting devices (below 400nm).
Therefore, to extend théCSEL emission to the ultraviolet (UV) region, intensive efforts
have been made in the VCSEL technology. However, the achievemeniclof UV
VCSEL is very challenging because of the various limitatiand issues. The issues
noticeably include the carrier injectiomptical confinement, and highly reflective
distributed Braggeflectors (DBR) structures with a broad bandwidth operating in the
UV region[16]. In this context, motivated kiyre reported llage refractive index induced
by boron incorporatiorj7], we propose to introduce the bofobasedmaterial systems
(BAIGaN) as an innovative solution to address soifrite encountered difficulties.

The objective of the proposed research is to investigateptimize new wide
bandgap BAIGaN material systems and illustrditeir incorporation into the building
blocks of vertical cavitypurfaceemitting laser structures for operation in the UV spectral
range 6<400nm).

Toward this goal, we have focused our research activities inragedirections.

The first direction is devoted to the simulation BBRs reflectivity by taking into

Xvii



consideration the experimentegfractive indexes. Once the materials neededhe
different components of the VCSEL are well defined, the second directionnlidse
achievement of growth conditions optimization asfdhracterization of the new wide
bandgap BAIGaN material systenf$estudy has led to the structural and morphaal
quality improvement of (B,Al,Ga)N materials. Unique optical propertieshef BGaN
and BAIN materials were also demonstrated. Upemonstrating the materials’
promising optical characteristics, thiaal direction consists of the epitaxial growthdan
characterization of the highly reflective DBRs and active regionhef UV VCSEL

structure.
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CHAPTER 1

INTRODUCTION

1.1 Motivation and applications of UV VCSELSs

The context of this project falls in the wide range of poterpglications of UV light
sources, some of which are alreaayailable as commercial products in our everyday
lives, while otherare still under extensive research and development.

One major application of UV sources is hidénsity optical storaggystems that
would benefit from he short wavelength of compact Wéurces. In fact, the recording
density is inversely proportional the wavelength squared [1T}V sourcescan destroy
bacteria and viruses making these sources usefulstenilization, water and air
purification, and mvironmentalproblems [18] These sources can also bepafamount
importance for optical imaging systems ranging fraophisticated astronomical
telescopes to household cameras aadurity systems. Furthermore, UV sources are
required for somenedical aplications like eye surgery, light therapy (exposure to UV
light 300-320nm), and UV radiations to reduce inflammatoegponses. UV sources
cover additional fields, such as advancbiblogical and chemical sensors, laser
lithography, and whitéight generéion. Finally, the covert communication systems can
use UVlight rather than radio waves as a medium for communicationtranemitted
UV light may contain both voice information and otraata [19] Examples of the
importantapplications mentioned eanliare shown in Figuré.

To date, most of UV light sources are gas sources, which inelkmmer lasers
and mercury lamps. However, these sources preseninfétations related to their low
level of performance, loweliability, significant size, and maly to the toxic substances

they contain, leading to significant environmental nuisance.
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Figure 1: Some applications of UV sources.

The durability and compactness of semiconductor stk light-emitting
devices make them ideal for various applicagioLight-emitting devices are highly
efficient, cheap, reliable, andarmless to the environment. Moreover, the emission
wavelength carbe tuned by changing the semiconductor composition. As a matter of
fact, UV semiconductor light sources are of greahmelogicalinterest in our evergay
life. Figure Zpresents the three major configurations for lghtitting devicesincluding

light-emitting diodes (LEDs) and laser diodes (LDs).

Active medium

(a) (b) (©)

Figure 2: Three typical structures of light-emitting devices: (a) ight-emitting diodes (300 pmlong),
(b) edgeemitting laser (300pum long), and (c) vertical cavity surfaceemitting laser (5pm long).

The primary advantage of LEDs is that they are much cheaperldbars,
because of a much simpler processing. However, d.piesentseveral drawbacks,

including the wide angle of emission and thsge spectral distributio[20]. In contrast



to LEDs, lasers present a more precise spectrum incurringlessatic dispersion and
provide more intensity.

Among semiconductor las@evices, VCSELs are undoubtedly one of mhere
sophisticated configurations. VCSELs have attracted tremenidterest over the past
few years as they present advantages edgeemittinglasers. The advantages consist of
a highoutputoptical power ad a thin cavity. The last feature makes VCSELSs jgsse
to dislocations than edgamitting lasers, hence, leading togherquality structures.
Additionally, since orwafer testingorior to dicing and packaging can be carried out with
VCSELs, thecost ofproduction is much lower than that of edgmitting lasersFinally,

the compact size of VCSELSs yields more devices per wafer.

1.2 Overview of the fundamental properties of 1lI-N materials

Toward the development of VCSEL devices emitting in the UV spewtil -nitrides
(also known asnitrides or IlI-N) are undoubtedly thenost adapted materials with
emission wavelengths going as low as 20@. In fact, depending on the alloy
composition, nitride materialith bandgap spanning from infrared through Jssilo
UV wavelengths can be demonstraf@d, 22, 23] A map of the differenbinaries
forming the 11FN materials system and their ternaries guodternaries is shown Figure

3. It is observed that as we move along the lines linking the diffdrientries, a very
wide spectral range is covered. The most usethinique to grow nitridenaterials is

metalorganic vapephaseepitaxy (MOVPE).
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Figure 3: Bandgap energy versus ifplane lattice parameter diagram for 1l1-N materials.

In contrast to HVI ZnCdSS systemswhich can also achieve theasavelengths
[24], llI-nitride alloys represerd very special class of materials with unique properties.
In fact, these materials present several remarkable chemical and physip&rties
making them particularlytaactive and suitable fareliable applications. In addition to
the bandgap flexibilitymentioned earlier, nitride materials exhibit interesting thermal
conductivity and fairly high bond strengths which could improvedéece reliadity
[25]. The nitrdes arealso resistant to chemical etching enablingNlIbased devices to
operate under hostile emgnments [26] Additionally, among the IHV conventional
semiconductord]l -Nitrides are the only systems showing a bimlelectricpolarization
refered as "spontaneous polarizatiomhis polarizationis very important in several
optoelectronic applications such as lasers atsb other devices as High electron
mobility transistors (HEMT).

Driven by the paramount interest in reliable electronic @ptdelectronic device
applications, 1N alloys were intensivelinvestigated. Taking advantage of their unique
material characteristics, the objective is to push the limits beyond altiéty of
conventional devices. These alloys were not only suit@léght-emitting sources but

also for solar cells anpghotodetectors. Additionally, because of their robustness, they are



candidates for higitemperature, high poweand high frequencglectronic applications
such as transistors or thyristors.

Despite theirunique intrinsic properties and the performed interssearch efforts
worldwide on nitride materials and devices, thgress of the research on nitride
devices is still hampered I®everal technical limitations. The following sections tend to
review the intrinsic properties of the HN materials and give a shaoverview of the

different issues they might suffer from.

1.2.1 Structural properties
Group llknitrides can be categorized into two allotropes: cubic ladagonal. In fact
AIN, GaN, InN, anctheir alloys can crystallizen both hexagonal wurtzitd¥phase) and
zinc-blende(b-phase) prototypes. However, the nitride alloys wurtzitestal system is
energetically and thermodynamically favored oeabic (zineblende) structure which
could existby forcing the filmto grow on {001} crystal planes of cubic substrates. It is
importantto note that the coexistence of zblende (ZB) and wurtzite (Wgrystal
structures is possible as they slightly differ in sitecking segence. This crystal mixture
resuls on stackingfaults in the grown films, as will be shown in the BGaN structural
study in Chapter 4
Cubicphase structure alloys will not be discussed further inréiert as the vast
majority of research on nitride alloys focusedtbe stable &xagonal form. Additionally,
all samples in this studyere grown under conditions conductive to wurtzite structures.
GaN, AIN, BN, and InN have direct room temperature bandgaps a\3.4.2
eV, 5.5 eV, and 0.7 eV, respectively. This direct bandgaggascially fortuitous as it
allows high quantum efficiency ligleimitters to be fabricated using nitride materials.
The primitive unit cell of hexagonal wurtzite system ipaallelepiped with a
basis of four atoms. Each atom of tsteucture can be seen ssrrounded by the four

nearest neighboringatoms forming tetrahedron bounding. The four nearest atomic



neighbors of the other type are located at the four corners tdttabedron, as illustrated
in Figure 4a These planes consist of two embedded hexalgBABAB, where "A"
represents the first cubic lattice (FCC) composed by Il elenams'B" represents the
second FCC lattice referring to N elemeiifach atom in the hexagonal structure can be
described by a set gkctors:
R = nmay + Mae + nsC 1)

where a, &, and c are the lattice vectors, andm, and i are integers.

To identify the planes and orientations in the hexagonal sy$temindexes are
normally usedreferred as the millers indexé@skil). As shown in Figurelb, thethree
basis vectors have an angle of 120°. Consequently, i casmitted and the millers

indexes will be written (hkl).
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Figure 4: (a) Il -N wurtzite structures. (b) Bravais Millers index systems.

In the hexagonal phase, the plane distancepgted by Equatiof:

1
h+h£ 2

1 i
_i T

d =

whereas hkl are the miller indexes, and a and c are thanith outof plane lattice
parameters. These parameters are the heighexdigonal (c) and the edge length of

basalplane hexagonal (a), a&howvn in Figure 4aln an idealurtzite structure, the c/a



ratio is 1.663, which is quite close froril-N binaries c/a ratio. The lattice parameters

are summarized imable 1

Table 1: Properties of the different IlI-Nitride binaries (after [1]).

Parametey GaN AIN BN InN
a(A) 3.18 3.122 2.55 | 3.548
c(A) 5.185 | 4.982 | 4.17 | 5.718
cla 1.626 1.596 1.635 | 1.612
Eg (eV) 3.42 6.28 5.9 0.7
Electron affinity (eV) 4.1 0.6 4.1 5.8

The theoretical lattice parameters of ternaries can be predict¥@dards law
[27] using thecompositionweighted average of the different binaries forming afiey.

The lattice parameters can be expressed by the folloxgugtion:

a,c(A;By_:N) =za,c(AN) + (1 — z)a,c(BN). (3)

In comparison to other group 44 compound semiconductors such la® and
GaAs, the nitride alloys have a group of-nitrogen covalent bond with very strong
chemical bonds. This feature is thegin of some useful properties of nitride materials.
This is caused by the large difference in electronegativity betweerdifferent Il
elements andittogen (Table2) atoms and themall size of the N atom. In fact, in the-lll
N configuration, the involved electrons are attracted by the doglomb potential of the

nitrogen atomic nucleus. This resultgie strong ionicity of the metal nitrogen bond.

Table 2: Summary of the diffeent electronegativities and covalent radius of the different II#Nitride
atoms [2].

Parameters Al Ga B In N
Electronegativity (eV) 1.61 1.81 2.04 1.78 3.04
Covalent radiusk) 1.21 1.22 0.84 1.42 0.71




Another conequence of the small radius afrngen(0.71 A) incomparison to As
(1.18 A), P (1.10 A), and Sb (1.36 A) is the sniattice parameters of HN alloys.
Consequently, high bond energee induced in the HN alloys implying a high melting
temperaturerevealing by the way large variation the bond energy. Fanstance, in
opposition to AlAs alloys whoseEg and meltingtemperature that do not exceed 2 eV
and 2000°C, respectively, theelting temperature of AIN andsEAI-N) are much higher.
These valuegesult noticeably in the high AIN tability. Taking advantage ofheir
thermal and chemical stability, the-M materials werg@roved as suitable candidates for

high-frequency, higkpower, anchigh-temperatue applications [28]

1.2.2 Optical properties

The development of optoelectronieuwices based on nitride alloysquires a detailed
knowledge of the optical constants overeatended photon energy range. In this section,
the major opticalproperties including the optical bandgap and the complex index of
refraction will be summarized.

Optical bandgap:Energy gaps (€ for the wurtzite group lthitride compoundsand

their related alloys span the wide range from 0.7 to 6.2TéMrefore, as illustrated in
Figure 3, almostthe entire visible and dedpV wavelengths are covered. Equatién

illustrates the link between eV and nm valueoatm temperature.

 1240(eVnm) o
)\{Hn’i’i’} — W | <)

For this study, UV devices are the ultimate goal of this stadgtAIN layers are
required in the DBR and multiple quantum well (MQWIocks. AIN is a direct bandgap
material as the vahce band maximurand the conduction band minimum lay at the
center of the Brillouirzone (i point). The AIN optical bandgap is slightly equaltte
distance between them. The calculated band structurdingaint of hexagonal AIN is

illustrated in Figures [4, 28]
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Knowledge of the IHN ternary and quaternary alloys in relationskiph III-
elements composition is fundamental in sevamlications. Forxample, the optical
bandgapdefines the wavelength emission of liglgmitting devices and can also be used
to impose the cutoff wavelength for detectors. As a matter of faet,accurate
determination of the bandgap as a functionlibfelement content is fundamental for
bandgap engineering in thalesiqm of the different optoelectronic devices.
Conventionally, toobfain the ternaries data, a linear interpolation between binary
parameters is required. This approximation is valid for seypen@meters and constants
such as lattice parameters (Tab)eand elastic constants. However, for opticahdgap,

a bowing paranter was introduced to consider thenlinear term. Experimentig, a

wide spectrum of bandgdmwing parameters has been reported for nitride alloys
systems. Thisfeature can be explained by the difference in growth techniques and
measurement conditiofg9, 30] For instance, as concerning the AlGaN alldiere are
many reports of various bowing parameters frdn8 eV (upward bowing) to 2.6 eV

(downward bowing). However, the masttable bowing parameter is 1eV for the entire

he

i



compositional rangeas eyressed by Equatioh to illustrate the AlGaNoandgap. The

bandgagbowing parameters of the other-Nitrides aresummnarized in Table 3
Eg(Al:Gay_xN) = zEj(AIN) + (1 —z)Eg(GaN) — 1 sz % (1 — z). (5)

Table 3: Energy-bowing parameters of the different nitride ternaries.

AlGaN BAIN BGaN AlInN InGaN

Bowing (eV) 1[31] 5.45 [32] | 9 [33] 25[31] |3[31]

Taking into consideration the most common bowing parameters, Fguesents
the bandgap versus lattiosonstant dependance of direct bandgap semiconductors

compounds antheir related alloys.
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Figure 6: Bandgap erergy versus lattice parameter diagram for IlI-N materials taking into
consideration bandgapbowing parameters.

Another important parametenked to the bandgap energy tieahbe critical for
the design of nitride optoelectronic device is Itla@d offsetThe offset is alsoeferred to
the band structure discontinuity at edwftereinterface. The band offset is tied to the
electron affinityof each material. Therefore, intensive research focused @alihdation
of the band offset in the different sgets usingseveral techniquesincluding

photoluminescenceathodoluminescencand Xray spectroscopy. As general rule for

1C



nitride heterostructures grown on relaxed GaMplates, a 3/7 ratio is used to calculate
the band offset betwedhe conductionrad valence band. For example, if we consider an
AIN/GaN interface, the bandgap variation between the bin@oespounds isplk =

2. 8eV, | e ad4 1n9GeV and pEa= 0@%eV band offset [34] As a direct
consequence of this band offset distributidme éfficiency of trapping or blocking
electrons is higher than holestire nitride heterostructures.

Complex index of refractioifthe complex index of refraction describes the propagation

of lightin a semiconductor and is expresbgdcEquation 6
N =n — ik, (G

wheraas n is the refractive index indicating the phase velocitigbf in the material, and

k is referred as the extinctionoefficient describing the absorption loss when the
electromagnetiovave propagates through the material. Both n and k depend on the
radiation wavelength.

The refractive index is denoted by the following equation:

C P
n=—, |
&

wherease is the the phase velocity of the radiation of a gifreguency, and c is the
speed of all electromagnetic radiationvacuum ¢ = 3*1¢ m/s).

It is fundamental t@ccurately determine the refractive indextod nitride alloys
to design advanced optoelectronic devides|uding distributed Bragg reflectors and
light-emittingdevices As a matter of fact, the refractivedexesof the different ternaries

that can ptentially be used in thistudy are depicted in Figure

11
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Figure 7: Refractive index of (a) AlGaN[5], (b) AlInN [6], (c) BGaN [7], and (d) BAIN [7] as a
function of the wavelength/energy.

As it was widely used in thisstudy in the different simulations and
experimentations, the AlGaN refractive index as a function ofviineelength and the Al
composition is given in Equatiod [5]. Details of measuremeiaind estimation of the

refractive index of BGaN and BAIN layers wile dscussed in Chapter. 4
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Similarly to the refractive index dispersion, light absorptioralso a critical
design parameter in the different optoelectratewices based on nitride materials. The

absorption coefficientU is directly linked to the extinction coefficient k and the

— 4kIl
wavelengtha by the following equation:(Jt B

ﬁl«”. The absorption coefficient is
described athe reciprocal of the penetration depth of light into a bulk salidhich the
radiation energy iattenuatd by a factor e.

For semiconductor layers, there are two distinct regimes insgeetral range
above and below the material bandgap. Belowbtnedgap energy, also referred as-sub
bandgap absorption, thabsorption is not significant and does not afféwt optical
losses. However, the absorption above the bandgap, which is reapibined by the
bandto-band transitions, leads to a very stratgorption. This absorption increases as a
function of photonenergy, as shown inigure 8for AlGaN mateials [5]. The nitride
materials shoulde fully transparent to radiation with energy lower thankbaedgap.
However, experimentally, the presence of dislocatiofiezcarriers induces an increase

of the material absorption. Thabsorption issue has to bensalered in the design and

simulationof the different optoelectronic components.
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Figure 8: AlIGaN absorption coefficient asa function of the energy for different Al content.

The most common and efficient techniques to measure the comgitextive
index of a material are based on ellipsometry ggftction/transmission measurements.
However, these technigsi@re not direct, and a complex modelisation is required to
measure theefractive index. The process of refractive index measurementsofon

based materials is devagbed in Chapter.4

1.2.3Heterogdructures and growth challenges

Major recent breakthroughs in the MOVPE growth of higfality nitride materials
enabled the fabrication of several optoelectrotvices. All devices are commonly
devdoped from heterostructures dfifferent semiconductor materials such as the
guantum welktructures for LEDs and superlattices (SL) for DBRs.

In addition to the negative effects of band structures discontimagr the
interfaces in the electrical andtagal properties, thetructural properties are also largely
affected during theheterostructures growth. This feature is mainly caused by the
difference in the irplane lattice parameters of the differemterials forming the nitrides

heterostructures @blel).
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Figure 9illustrates the deformation origthat the nitride materials can undergo at
the atomic scale where tiggown layer has to adapt its lattice parameter to the substrate
one.The induced strain can be either tensile when the substrplanelattice parameter

is larger than the grown film or compressivetie other case.

substrat

(@) (b)

Figure 9: The different strains occuring for lattice mismatched hyers: (a) ®mpressive strain
(asub<aLayer) and (b) tensile strain (asyp>aLayer)-
The stain induces a deformation in the different dimensions tenaile strain in
the (0001) plane, as shown in Fig@ The deformation results in a modificationtbé
lattice parameters a and c.
The connection between the strégs(force per unitarea)and t he (astr ai n
measure of deformation penit length) is governed by Hookelaw (Equation 1R In

fact they are linked by the stiffness ctamds G, reportedn Table 9(Apendix A).
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The relative elongation of the grown film describes the viariabf the lattice
parameters a and c from their relaxed state. \Fuigtion is expressed by the following

eqguations:
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Figure 10: lllustration of the tensile strain movement. The strain induces an enlargement of the
hexagonal base shrinking the unitell along the growth direction.

As a consequence of the largepiane lattice mismatch betweaeitride epilayer
and conventional substrates ¢a®etween GaN anslpphire and 3% between GaN and
SiC), the epitaxial growtinduces a large number of dislgions. These dislocations are
detrimental for the optical and electrical properties of the nittaléces.

Consequently, without any strain engineering, growth is limited toickness
referred as "the critical thickness". This issue presentmajor imitation in the
development of thick optoelectrordevices.

The critical thickness is governbg Equation 15 [35]

b 1— pecos’a = he

9T (1 + w)cosh ' b

h.

1), (15)
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whereas b is #arelevant Burger's vectar,is the Poisson'mtio, f is the mismatch strain,
andUis the angle betweethe bur@r vector and the dislocatioa.is the angléoetween
the slip direction and the direction in film plaperpendicular to the line of intersection
of the slip plane antheinterface [35]

Few years ago, it was hard to believe the productioncanmiimercialization of
high-quality devices with such materialdevertheless, taking advantage of the progress
in addressing some dhe growth issues of HN materials, combinedo their unique
properties, significant progress in advanced-Nllresearch wasachieved. The
breakthrough includes the strain engineering solutiamsl the progress in the
development of native GaN substrates, wiiah not be only seen as a researchosityi
anymore. However, majaechnological challenges still remain in the development of
high-performance devices. Some of them will be addressed withisttidy using novel

boronbased materials.

1.2.4Sportaneous and stimulated emission
The major proesses governing the photelectron interaction weneported for the first
time by Einstein in 1917. The processeshef absorption and spontaneous and stimulated
emissions of lightalso referred as radiative recombination, are shown in Figur&€he
figure illustrates the case doivo-energy levels Eand E (for valence and conduction
band). Radiative recombination occurs when a hole and an electtba walence and
conduction bands recombine. The excess energy teadshoton emission.

Both sponéineous and stimulated emiss@mne of paramount importanae light-
emitting devices. For instance, semiconductor aerbased on the amplification of an
optical wave through stimulatezmission of photons. In contrast, spontaneous emission

andabsorpion process are the fundamental modes of LEDs andcsllay respectively.
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Figure 11: Energy band diagrams featuring different processes: (apbsorption, (b) spontaneous
emission, and (c) stimulatecemission.

In any twoeenergy leved system, a photowith energy B, = he equal to the
material bandgap energy can be absorbed bwtam. Only photons with a specific
wavelength can be absorbed. Tasorption gives rise to an electron that was originally
in a low energy state (fundamental state) to an upper energy levate@state). This
transition is also denoted "induced absorption" ais iinduced by the incident light.
Because of the limited lifetime ainy excited stat which is typically less than 18, the
electron remains a limited period of time in this eaditstate andhen spontaneously
returns to the equilibrium state. This processasnected to a photon emission with
random phase and direction, ahds referred as the spontaneous emission. The emitted
photonwavelength is the same than the materialdgap energy.

Despite spontaneous emission can not produce any dgiglification, this
emission is considered as a very importardcess. In fact, the process constitutes the
first step in thestimulated emission, as the generated photon through #igrforcess
resulsin two photons. Similarly to the spontane@usission, the excited atom can return
to the fundamental stagimulated by its interaction with a photon of light. This process
results in the emission of two photons that have a common vemter (same frequency
and same propagation direction). The emitubton is said to be in phase with the
incident wave. This featurensures a fixed link between light radiated from different

atoms inthe amplifying medium and leads to the highly momoahatic andcoherent
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laser emission. Similarly to the absorption process ptiehomenoiis a resonant process
as the incoming photon has to hatfee same energy than the material bandgap.
Additionally, both processes have the same probability, as showguantum theory
[36]. In the thermal equilibrium conditiont)e absorption process predominates. In fact,
more atoms are presentthe lowenrergy level & (more stable) than in the excitézl/el

E,. To promote the stimulated emissioather thanabsorpion, the reversed situation
should exist. This uncommasondition, for which more atoms are present in the upper
levels, iscalled the poplation inversion. This phenomenas fundamental fodaser
action to ocur [37], and it isrealized by excitation othe system with continuous
provision of energy through optical pumping or electric carrier injection. Tdser
oscillators use a small part of the spontaneous emissidineasptical input and then

amplify the fractions by the stimulateghission under paulation inversion.

1.3 VCSEL's principle and fabrication

1.3.1 VCSEL's principle

The typical layout of &/CSEL is illustrated in Figure 12The structure is realized by
sandwiching a lighemitting layer (i.e., a thin layer of semiconductor material wath
large optical gain such as multiple quantum well struct 8@, 39, 40) between two
highly reflective mirrors. Thenirrors can be multifgereddielectric or epitaxiallygrown
DBRs. The mirrors enable the generated photons in the active regibouttcefourth
and back stimulating the emission of other photbom electronhole recomimation

[41].
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Figure 12: Schematic structure and operating principle ofa VCSEL.

The basic physics governing the operation of VCSELSs is not diffén@mt other
laser dodes. Pumping is required to stimulate emissishich provides gain for the
optical mode confined in the opticahvity [42] Depending on the top or bottom
emission, the conductivity and transparency of the layers forrmagmirror stacks
should be takeinto consideration. As the narnmglicates, the light is emitted through the
surface and not througtme side facets as in edgmitting lasers. Light emission will
occur if the beam increases in intensity during a roundHiggvever, additional lossen i
intensity, including absorptiorscattering, and reflections, cartcur [43] The lasing
threshold is achieved when the gain exactly compentatédse losses.

The typical roundrip gain in a VCSEL cavity is in the order offew percents
(typically 2%). To reach the lasing threshold, ttaal cavity losses, including those
induced by the mirrors, have toe maintained below this value. Consequently, the

reflectivity of the DBRs should be greater thar?®9

1.3.2 VCSEL's fabrication
Toward the fabricadn of nitride VCSEL in the UV range, twieatures are required. The

first lies on the high current density ithe actve region to have an amplifier.
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Consequently, the injectechrrier density is high enough so that the absorption rate is
lower than the 8mulated emission rate. The second feature is relatedet@esonator.
Low losses are required to guarantee a gaigfficient in the amplifier higher than the
total losses during undtrip in the cavity [34] The active mediurstructure, where the
light is generated, is introduced in npatagraphs.

The requirement of an active region in VCSELs is more stringentithadge
emitting lasers because of the shorter gain region. difiesence leads to high threshold
gain and typically high thermaiesstance [44]in VCSELs. However, thighreshold
current density of VCSELs can be minimized if the valu¢hefdifferential gin gy can
be increased (EdL6) [45]. In fact, thedifferential gain can be largely increased by

replacing bulkmaterials with QWstructures.
gy = ay (N — Ny ), (16)

where @ is the gain coefficient, N is the injected carriEmsity, and N is the carrier
concentration at threshold.

Energy can be pumped into the active region in different foteagling to a
radiation energy. In fact, the active regi@eneratesthe first photons (through
spontaneous and stimulated emissiast will balance between the top and bottom
mirrors to generatether photons. In fact, as opposed to being directly enfiléxiving
electronhole recombination, the photons argcillatingmaking several passes over the
acive medium [46]

To confine carriers in the active region, doubggerostructure idesigned using a
thin and smaitbandgap layer between twargebandgap layers. If the thickness of the
smaltbandgap layersireduced to the range of de Broglie wavelength of the carriers, a
gquantum well will be formed. Therefore, the energy levels withinwbiks are quantized
in discrete levels. Consequently, the radiatifetime is shorter than in bulk materials

and devie radiativeefficiencyincreass. In the case of QW, electrons and holes aaly
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move freely in two dimensions within the finite potentakriers that are determined by
the band structure offsetherefore, the well width and potentiadrrier height a the
mainfactors influencing the quéimed energies [28]

The active medium of Hhitride based VCSELs is composedAifGaIn;.x.yN-
based multiple quantum wells (x andeferring to the aluminum and gallium content,
respectively). Théunction of theQW is to further enhance carrier confinement alhawv
for laser wavelength selection via the correlation betweslhdimensions and electron
hole recombination energies. Tlhandgap energy can be tuned to attain the desired
wavelengthdepending on the aaposition of the different elements.

Figure 13illustrates the schematic bandgap eneofyan AlGaN/AIN MQW
active layer. If the well width is much short¢éhan the length of VCSEL, the
corresponding optical confinementtbe QW(,, can be approximated by Equatibi

Tiw Lnp
A

(17

]
Iy =

where Ly and n, are the thickness and the number of QW¥spectively. L is the VCSEL

total cavity length.
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Figure 13: Schematic diagram of an AlIGaN/AIN MQW with a separate confinement heterostructure.
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To allow rdlection to occur at the interfaces, the active layerahisver bandgap
and a higher refractive index than those of simerounding materials. The generated
photons can be therefocenfined within the active medium to increase the probability of
stimulaed emission.

In principle, the light emission efficiency of QW depends on méagtors:
material quality, well and barrier width, and well aratrier banebffset Ec, qEv). The
number ofQWs has to be optimized as a function of the rewipdlosses.These QWs
are therefore located optimally at the peak of the opliell. For an efficient radiative
recombination [28]it is also required to approximate the wlickness to theimension
of the freeexciton.

An additional feature designers should consider when devel@gitige region
for light-emittingdevices is the electron blockitayers. In fact, electrons and holes have
different mobilities innitride sysems. Consequently, in contrast to holes which are often
injected predominantly in the first quantum well, electronsegpgally distributed in the
active region. Electrons tend generalty overflow the MQW system. This electron
diffusion should beninimized, as it does not contribute to the light emission inatigve
region. Therefore, the introduction of an electron blocKenger has proved to be an
efficient solution to overcome this issj4¢].

The shortest wavelength achievement of the differertdamndlistributed Bragg

reflectors will be discussed in next paragraphs.

1.4 State-of-the-art of DBRs and lasers operating in the UV Range

The different applications mentioned earlier have fueled the foeembmpat UV light
sources. Toward the achiewent of compactdevices, wideébandgap semiconductor
(B,Al,Ga,In)N materials arandoubtedly the most suitable technology. Consequently, 1lI
N materials have been extensively explored in the past decades ttheardise in

semiconductor devices.
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ZnSebasedmaterials were the first material system to prowdatinuous wave
(CW) operation of blugreen laserf48]. However, serious reliability problemsossibly
arising from its chemically and structurally unstabiaterial system, have hindered the
applicaton of ZnSe lasers in thesalworld systems. Moreover, because of its low
bandgap, thisnaterial is not adapted to UV applications.

Later, Al,Ga/InixyN-based wide bandgap semiconduatoaterial system$49,
50] havebrought innovative changes in photordevices. These materiadmabled the
operating wavelengths of LEDs and lasers to reageatral range spanning from blioe
UV [51].

From the first nitridebased injection laser demonstrated in 1P, lasers have
undergone tremendowyolution thraugh the rapid progress in material growth, device
fabrication, and packaging. Therefore, higfficiency shortwavelength LDs covering
the UV spectral range from 340nm 850nm [18, 39, 53]were demonstratedvith
electrical injection A number of advanceare needed to develop shesiavelength
devices. The advances include: réfluction of nonradiative defects in the QW active
region, 2)improvement of AGaN materials conductivity andtgpe doping, an®) the
development of lowdislocation density matiads [54, 55]

As mentioned earlier, VCSEL is an advanced configuration of LD wbah
offer several advantages owatgeemittinglasers[56, 57, 58] Onemajor feature is that
VCSEL devices suffer less from dislocatimsues tharedgeemitting lasers. Howver,
because of othdimitations, so far, VCSELs can only operate in the visible antet
spectral rangg59, 60] The development of Hhitride-based VCSEL[61] includes
optically-pumped devices at blugavelengths[62], currentinjected CW lasingblue
VCSELs at 77K[63], and roomtemperatureCW lasing violet VCSELs by current
injection[64].

A major technical challenge for the development chlitide VCSELS operating

in the UV range lies in the need of highiflective DBRswith large bandwidthrad high

24



structural quality AIN/GaN DBRs were employed to prove the existence of high
reflectivity in the neatJV range R > 9%6). However, cracksippeared because of the
large lattice mismatcf65]. Al Ga,.xN/GaN system was alsosed in an attempt to reck!
the strain in the whole DBR structuy@6, 67] However, thereduced refractive index
contrastleads to a reduced bandwidth (<2Qnamd a large number of DBR periods to
achieve highreflectivity. For exampleAl o 34Ga 6dN/GaN DBRs require 3@nd 43 pas

to achieve 9% at 390nm and 38 at 400nm of peakeflectivities, respectivelj62, 68]

To manage strain, lattiematched INAIN/GaNDBRs were proposef69]. However,
thesestructures suffer from the numerous temperature ramping processag the
growth.

All the DBRs mentioned earlier operate in the visible and -barrange.
However, these Galdased structures cannot be used d-VCSELs because of the
strong absorbtion in GaN materials. For ttevelopment of IHnitride DBRs operating
below 380nm,AlGaN/AlGaN, AlGaN/AIN, and AlGaN/InAIN structures have been
studied with araluminum concentration adapted to the DBR working waveleng2f-A
pair Al 43GaysN/AIN DBR on AIN template substrate wdssigned to ehieve a peak
reflectivity of R ~99% at a-~ 356nm[69]. A crackfree 25-pair Al g 16Gay gN/Al g sGay 2N
DBR on GaN templatevas reported to have a peak reflectivity oP®at -~ 350nm
[70]. A 35pair AlgGaygN/Ing.15Alp 8N DBR on Al GaygN template was reported to
achieve a reflectivity oR ~ 99% at &=~ 345nm([71]. To date, thénighly reflective DBRs
(> 95%) realized for UV applications amnly centered ad-> 340nm The wavelength
limit is imposedto avoid internal absorption while maintaining high refractive index
contrast. For shonvavelength DBRs, high Al mole fraction iequired in both materials
comprising the DBR pair to prevemtavelengths to be absorbed by the AlGaN layers.
However, thisfeature results in a reduced refractive index contrast. Tmawledge,
only few studies hae reported functional DBRs with pea&flectivities below 340nm

[16, 72] C.G. Moeet al. have demonstrated trshortest wavelength reflectivity for a
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DBR using 10 and 21 pairs #fiGaN/AIN with peak reflectivities of 6% and 826 at
245 and 279m, respetively [16]. X.L. Ji et al. reported a 3air Alp 43Gay sAN/AIN
DBR with a 934 reflectivity centered around 313nfW2]. The DBR reflectivities as a
function of the wavelength for AIN/GaN'3, 74, 75] AlGaN/GaN|[66, 68] AlGaN/AIN
[16, 72] AlGaN/AlGaN [70, 76] and AlINN/AIGaN [71] systems are summarizea

Figure 14
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Figure 14: DBR reflectivities as a function of wavelength for various nitride systems.

As a conclusion, it is proved to be challenging to achieve higlilgctive DBRs
in the wide specal range of UV wavelengths, witlthe conventional material
technologies. Consequently, tdevelopment of new materials technology is required.
Therefore, we propose to introduce bordrased materials as an alternative to

conventional materials to combih&h reflectivity and largbandwidth in the UV range.

1.5 Technical challenges limiting the development of UV VCSELSs
Conversely to infrared and visible VCSEL, the development of VCShifting in the
UV range is a very challenging milestone becausewéral issues associated with their

fabrication. The issues arelated to materials quality, highly reflective DBRs, optical
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confinement, carrier injection, and the lack of latticatchedsubstrate. Such issues are
briefly discussed in next paragraphs.

As mentioned earlier, HN alloys have emerged as the leading émel most
adapted materials for VCSEL devices in the UV redgmtause of their remarkable
physical properties and their bandgépxibility. Toward the achievement of UV
VCSELs, the developent of high-quality (crackfree and low threadindislocation
density) lll-N materials is fundamental. In fact, in the case of-tpality materials,
lasers experience noadiative recombination. Thieature leads to heating problems and
consequently ta significantincrease of the lasing threshold.

An impediment in the development of higkrformance devices based III-N
materials is the lack of lattiematched substratedDespite the intensive research
investigating alternative substrategch as siton (Si), Silicon Carbide (SiC), Lithium
niobate(LiNbO3), zinc oxide (ZnO), and others, sapphire is undoubtedlynibet used
substratébecause of its availability and low costowever, the large difference in lattice
parameters between sapphined IIl-Nitrides has a detrimental effect on the structural
and morphological quality of the heteroepitaxially layers. The thickmdédbe epitaxial
mirror is therefore limited. Additionally, sapphire insulating, which prevents efficient
backside contacCorsequently, providing bulk GaN and AIN substrates to grow nitride
materials is fundamental for UV VCSEL development. However tébhbnology is not
mature yet and their high price and small sizecareently major obstacles.

In addition to the previouslyeported issues, the development of MESELS is
still hampered by some doping issues. In fachpposition to rtype doping for AlGaN
layers which isstraightforward using silicon as typicatdopant, the foping using
magnesium is still considered te bhallenging. In facimportant Alcontent suffer from
high contact resistance anssueswith current spreading. Different approaches were
appliedto achieve gype lll-nitrides by Mg doping such as-clmping, deltadoping[77],

and valencéband modulabn using strained superlattice structures. Howeveitye
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doping is notmastered yet. As a consequence of the poor conductivitytygdepAlGaN
alloys, the electrical injection remains challenging in theregion.

To reach the lasing threshold, mininmigithe losses and maximitee gain in the
active region is needed, which requires a goptimizatian of the optical quality of the
guantum wells. In facenormous enhancement in the gain can be achieved by replacing
the bulk active layer with QWs. Howev, the optical quality of thactive region is still
considered critical in the VCSEL structuoperating in the UV range. To achieve
sufficient gain in the cavityyCSELs also need highly reflective DBRs exceedingo99
To date,among nitridematerials, e Al,Ga.«N/Al Ga,.yN system was the most reported
candidate for functional UV DBRE9, 72] However, the DBRlesign has to comply
with an intricate tradeff between the limitedefractive index contrast, the transparency
of the AlGaN layers, anthe inplane lattice mismatch AIGaN/AIN. In fact, the AIN/GaN
systemexhibits a lattice mismatch as high as%,4vhile the refractivendex variation
does not exceegqn=0.5 The AlGaN refractivendex versus photon energy for different
Al compositions is shown irigure 15 [5]. As a matterof fact, below 300nm, a large
aluminum contentontrasted structurevould benefit from a large refractive index
contrast at the exgmseof high absorption in the AlGaN layers. Additionally the structural
quality of the materials will be affected by the large lattriematch. Consequently, most
of the demonstratedl Ga,.«N/Al,Ga..,N DBRs suffer from crack$72], rough interface,
andbr limited reflectivities with narrow stopband widthj$6, 65] In addition totheir
detrimental effect on the reflectivity, the cracks make tle¥ice processing very
challenging. To overcome these issues &asdilice the strain in the whole structure,
resarchers have recentigported nearly latticenatched AllnN/AIGaN DBRs to achieve
highly reflective DBRs in the UV regiofv1, 78, 79] However, the AlinNbasedDBRs
are timeconsuming and difficult. This is explained by th@merous temperature ramping
processes during the growth and tkensitivity of In incorporation to the growth

temperaturg80].
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Figure 15. Refractive index versuswvavelength for Al,Ga; 4N alloys (adapted from ref[5]).

Another limitation that has to be taken into consideration wdesigning DBR
structures in the UV region is the DBR bandwidth. Tharameter will be deeply
describd in Section 3.1DBRs are characterized by their high selectivity. This selectivity
is considered to be an advantage when it is about filters. HowaWCSEL devices, it
is considered a main drawback as the higftectivity is only reached in a wavelength
range calledstopband", and it falls dramatically outside. Consequently, phetdhsan
incident angle falling outside the stopband are not prgpeflected, which limits the
maximum extraction efficiency. They areferred as the "leaky modes". Therefore, it is
fundamental to hava large refractive index contragh to obtain a sufficienbandwidth.

As a result of the several listed issues angkeislly thedifficulty to fabricate
highly reflective DBR with large bandwidth the UV range, the development of VCSEL
devices operating in thisegion has proved to be challenging. In this work, the main

objective is to investigateighly reflectiveDBRSs.
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1.6 Scope of this dissertation

The purpose of this dissertation is to investigate the MOVPE grofnghoup Ilknitrides
BAIGaN materials system for thamcorporation in the main building blocks of VCSEL
devices. Theesearch work described in shdissertation is organized fadlows:

The history of the research, the important aspects of gibuptride materials
properties, the motivation, and applicatiamfdJV VCSELs have been addressed in this
chapter. An overview of thetateof-the-art of DBR structure and VCSEL in the UV
range waslso covered.

Chapter 2eals with the principle of MOVPE systeemployed in this study and
an overview of the different growthonditions and equations governing the nitrides
growth. It alsocovers a descrigin of the different characterization tools usedhis
study.

In the beginning of Chapter, 3he focus will shiftto the description of the
distributed Bragg reflectors. Thkfferent simulations and software developed within this
study will also be outhed in this chapter.

Chapter4 will be devoted to the complete discussminthe epitaxial growth of
the different IIEN materials and thewptical and structural characterizations. The chapter
starts withthe conventional AlGaN materials, then the bebased materialsvill be
presented. The demonstrated optical properties obthenbased materials motivate
their possible use in thdistributed Bragg reflectors operating in the UV range.

Chapter 5will present the distributed Braggflectors using dierent III-N alloys.
The bororbased structurewill be deeply investigated and compared to conventional
AlGaN stacks.

Finally, the dissertation concludes with Chapéethrough a summary of the

different results achieved and a discussibpotential futwe researckwvork.
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CHAPTER 2
PRINCIPLE OF MOVPE A ND CHARACTERIZATION

TECHNIQUES USED IN THIS STUDY FOR Il -N MATERIALS

As discussed in the previous chapter, theNlinaterials system hdmeen shown to be an
excellent candidate for solstate lighting.Early investigation of the HNitrides was
made at the beginning dfie 20" century with the first tentative of AIN, GaN, and InN
growth by Tiede inl928 [81] by Johnson ir1932[82], and by Juza and Hahn in 1938,
respectively{83]. For instance, GaN ag mostly obtained in the form of small needles
and platelets bpassing ammonia over hgallium metal[82]. Fewdecades later, large
area GaN was grown directly on sapphireNbdgruska and Tietjefi4]. As these GaN
layers suffer from very high backgroundlectron concentrations, furtheptimization
was paramount and conducted to Yoshida's [8Bato use an AIN intermediate layer.
The process was then improved by Akasaki and Nakamura by using AINGaht
nucleation layer grown at low temperature priothe growth ohigh temperature nitde
films [86, 87] P- and ntype doping were also very importdmteakthrough for today's
optoelectronics devices. Following teeccess of thdl-N materials growth and doping,
Nakamura's teardemonstrated in the reties the first higfbrightness blue LED andV
LD [88].

Different techniqgues can be used to epitaxially grow semiconducaberials.
One majortechnique is molecular beam epitaxy (MBE) whwgls invented in 1960 at
Bell Laboratories by J.R. Arthur and¥A.Cho[89]. The first growth of AIN and GaN
single crystals using MBE was reported by S. Yoshida et al. atEleetrotechnical
laboratory in Japan in 1975 and 1983, respectiy@b; 90] Taking advantage oits

simple process, good uniformity, and alirupterfaces, thdéechnique was extensively
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investigated in the following yearblowever, MBE has few limitations such as its low
growth rate and itsost.

Hydride vapofphase epitaxy (HVPE) is another modern growgbhnique for
nitride compounds initiate by Maruska and Tietjen tgrow the first GaN in969 [84]
This technique is amongst other widely used today to grow low dislocdénsity GaN
substrates for overgrowth. However, this technigseffers from its complex
process/reactor, the difficultg have araccurate andeproducible composition control in
nitride alloyslayers, and the hazardous precursors it uses.

One additional major technique is MOVPE, which is an evolutiothefHVPE
technique. MOVPE technique was pioneered by Manasevi968 who successfully
demonstrated the deposition of several varioo&erials onto semiconductors and
insulators, such as GaAs, G&PaAlAs, AIN, and GaN91, 92] MOVPE technique has
different drawbacks such as the toxicity and #pontaneous flammabilityfamost
precursors in contact with air. A®t all the precursors molecules are converted during
the growth, hazardous and flammable substances are merged to highly explosive
hydrogen and then leave the reactor. Therefore, it is fundamefilgdrtoneutalize, and
purify the mixture before it can Eassednto the exhaust a[B4].

Despite all the disadvantages explained above, thanks to vatiemgths, the
MOVPE technique unquestionably displaces the ottemhniquesin optoelectronic
devices. Theadvantages include theersatility, the high growth rate of all W and IFVI
semiconductor compounds, and the suitability for lecme production. MOVPE has
also proved to be the most economitathnique, paicularly for the production of
devices reqiring large areas, such as LEDs, photodetectors, transistors, andedidar
Consequently, all the material and device structdeaseloped during thishesis have
been grown using MOVPE technique.

Various kinds of essitu characterization techniquese aafterwardrequired for

properunderstanding of the grown material and devibereby, improving perfonance
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of devices and increasing the yieltherefore, the application of a desired structural,
optical, chemical, and morphological characterizationeteh growth iscritical. X-ray
diffractometry (XRD) is performed to investigateand c lattice parameters, relaxation,
and structural quality. Theurface morphologies and topographies are observed by
scanning electron microscopy (SEM) and atomic forceicroscopy (AFM).
Cathodoluminescence (CL), photoluminescence (PL), and ellipsoargrgtudied to
characterize the optical properties. Fouti@nsform nfrared spectroscopy (FTIR) and
spectrophotometry weremployed to measure theeflectance, transmdahce, and
absorption.

To investigate the microstructure in cressction, the dislocatiodensity, and
interfacequality, transmission electron microscopyEM) was applied. Secondary ion
mass spectrometry (SIMS) andrXy photoelectron spectroscopy (XP@&kre finally
performed to identifyhe different element incorporation and a quantitative measurement
for boron content in IHN systems.

In this chapter, the basic principle of MOVPE will be discussed antloverview
of thedifferent IlI-N growths. The ifferent characterization techniques employed in this

study are described the following sections.

2.1 Metalorganic vapor-phase epitaxy
2.1.1 The basic principle of MOVPE
The four basic building blocks for MOVPE systems are: (1) lgagdling system, (2)
reacton chamber where the growthkes place, (3) heating system, and (4) an exhaus
and low pressurpumping system.

Different organometallic (OM) precursors in the gaseous formirdreduced
through a carrier gas into a reaction chamber contaiairtgated wafer. When the
different precursors reach the substrdteey are decomposed. i§hthermochemical

decompositions calledpyrolysis and leads to a sequence of chemical reactions between
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thedifferent species, whictesulsin the deposition of thifayers. Duringhe growth, the
substrate is positioned on a rotatswgsceptor to enhance the layer homogeneity.

The metalorganic precursors exist in either liquid or solid formaaadstored in
an allwelded stainless steel containers, commaefered to as "bubblers”, which are
maintained in a bath at @rstant temperature. Equation iistrates thedependance
between the equilibrium vapor pressure of metalorggmecursor and this bubbler

temperature.

s. 1013.25
Py = 1027/ m"l’{ijhjmbml' (18]
i

where T is the bubbler temperature and a larate the metalorganigrecursor vapor
pressure parameters. The different paramétading to the vapor partial pressure of the

different metalorganiprecursors as a function of temperature is given in Table

Table 4: Properties of group Il precursors.

Precursors a/b Melting Boiling
point(°C) | point(°C)

Trimethylgallium (TMGa) 8.07 /1703 -15 56
Trimethylaluminum (TMAI) 8.22 /2135 15 125
Trimethylindium (TMIn) 10.52 /3014 88 134
triethylboron (TEB) 10g(Peay) = TA13 — 22522 -93 95

The flow of the appropriate metaffanic precursor molecules &chieved by
passing aarrier gas (hydrogen or nitrogen) through tlublers. Itis fundamental that
the precursorsexhibit an appropriateolatility to enable a thermal decomposition in the
growth chamberThe process is usliyperformed at a reduced pressure andgioavth

chamber's wall isooled using cold water. The molar quantfymetabrganic compound
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entering the chamber is governed by lthébler temperature, the bubbler pressure, and
the flow rate otcarrier gas trough the bubbler.

As mentioned earlier, the carrier gas can be either hydrogenitrmgen.
Excepting InGaN growth in which the presence of hydrageatetrimental tahe growth,
(B,Al,Ga)N systems can use both gasklydrogen presestseveral advantages
comparison to nitrogeoarrier gas such. Famstance, the beneficial thermal conductivity
and carbosradical scouring properties make hydrogen very widedgd. Most of the
growth performed in this work used nitrogencasrier gas, becausgdrogen sgtem was

only installed few months ago.

2.1.2Degription of the used precursors

Trimethylgallium (TMGa or Ga(Chk)s), trimethylaluminum (TMAI or Al(CHs)s),
triethylboron (TEB or B(CHsCH,)s), and trimethylindium (TMIn orIn(CHg)s) are
commonly used agrow Il precursors in the #Nitride epitaxy systemTriethylgallium
(TEG), which has a much lower vapor pressure fidiGa, can also be used to produce
Ga molecules. For instance, it cae u®d for quantum well structure$or which
accurate thicknessortrol is required.

All the precursors sources listed above are very air sensitivien means they
ignite spontaneously upon contact with air. dpposition toTMIn which is sublimate
solid, TMAI, TEB, and TMGa ardiquid sources at room tempéuee. The nelting and
boiling points of the differentil element precursor sourcase summarized in Table 4
andtheir molecular structureare presented in Figure 1Because of the large difference
between their atomic properties such as atomic radius, ionizatiergy, and electron
affinity, the chemical properties of Ga/Al/ln/fBompounds are very different from each

other.
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Figure 16: Molecule representation of (a) TEB and (b) TMGa,TMAI, and TMIn.

The extremely low dissdation rate by the ordesf 10*° of the dimer molecule of
nitrogen at high temperatures limits the wsenitrogen as a group V precurs[@3].
There areseveral nitrogen sources such as Dimethylhydrazine (DMHz)Hyldazoic
acid (HNs). However ammonia (NH) is unquestionably e most common source
because of its decompositioaie of 46 up to950°C [94]. As adirect consequence of the
low ammonia cracking efficiency, a largenount of NH has to be introduced for
(B,Al,Ga)N growth(typical V/III ratio is 2000). In the case ofaBl growth,when the
pressire is too lowa Galiquid phase can be formedhich leads to droplet formations in

thesurface95].

2.1.3 MOVPE growth of Il -Nitrides
To carry the different reactants, the carrier gas flows througtséparate 11l and V run
lines. The use of two separate run linesguisdamenthsince the OM sources used as

column Ill precursors arkewis acids; whereas ammonia, the primary column V source,
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is basic[96]. Therefore any prenixing between the twourcesleads to gasphase
reactions which are detrimental tbe film growth process [97]

The general reaction to grow group-Nltride layers is describday Equationl9.
RsM + NHy <— MN + 3RH. (19)

In this equation, R is an alkyl group, and M represents the dhooetal such as
gallium (Ga), aluminum (4, boron (B), or indiun(In). H is hydrogen, and N represents
the group V element, which rstrogen for our case. The general reactions for GaN, AIN,
and AlGaNgrowth using TMGa, TMAI, and Nklcan be expressed by thalowing

eqguations.

(CHs)Gal(g) + NHa(g) = GaN(s) +3CHa(g). (20)

(CHy)Al(g) + N Ha(g) = AIN(s) + 3CH,(g). (21)

(z)(CH3)Al(g) + (1 — z)(CH3)Galg) + NHa(g) = Al:Gai—=N(s) +3CHa4(g). (22)

The MOVPE process is very complex with many parallel and semestions
steps. Thegrowth process can be categorized into fprocesses: ag input, pyrolysis,
diffusion, and surface reactiof28]. During the growth, different species diffusetime

carrier gas ah are pumped away from the deposition zone towtregeactorexhaust.

The schematic illustration of GaN epitaxgabwth is illustrated irfFigure 17
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Figure 17: The schematic illustration of GaN epitaxial growth.

2.1.4Description of the usedIOVPE and in-situ reflectometry tool

All epitaxial materials and structures studied within this work vggoavn by MOVPE
using a home made reactor system built by PAbidallah Ougazaden[98]. The T
shaped lowpressure MOVPE reactor wasstalled in 2004. It wadedicated talassical
[II-V mateials such as InP and GaAs, fehich thetemperature does not exceed 10°
The MOVPE growth chambdras been reconfigured to reach the required temperature
for wide bandgap IHN materials gceeding 1000C. N, and H, can be used as carrier
gases andMAIl, TMGa, TEB, and TMInas sources of alumim, gallium, boron, and
indium, respectively.The gas panels were alsipgraded to allow -pype and rype
doping. Biscyclopentadienymagnesium (CpMg) and disilane {8) are avdable as
precursors for Mg and Si, respectively. The growgmperature ranges from 400 to
1100, and the growtpressure can be varied between 75 and 750 Torr.

Pictures of the MOVPE system and the groelitamber are shown Figure 18
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Figure 18 MOVPE setup and growth chamber.

The MOVPE system was also equipped with a hdwné in-situ optical
reflectivity monitor to provide accurate information on the grovdte and quality. The
interferenceof two light beams reflected frothe growing epilayerwgface is @tected by
an optical detector. Thelight source used in our case is a laser with an emission
wavelengthof 670nm. Equation 23lustrates the epilayergrowth layer and thickness.

A
nd = m—, (23)

2
wherea-is the laser wavelength, m is an integer, n islélyer refractive index athe
growth temperature, and d is thieickness for wich the maximum of Fabslperot
oscillationsoccus. The growth rate can be accurately calculated fromiritexval gi

betwe@ two maxima, as shown in Equatiaa

Growth Rote =

(24)

2nAt’

As mentioned earlier, isitu reflectometry oscillations are goodlicators of the
layer morphology. In fact, the intensity oéflectance measements may be affected by
the optical propertieof the substrate athe growing layers and the growth conditions

during the heteroepitaxy. For instance, the increase in sumagghness during the
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epitaxy canbe illustrated by a decreasebnth maxima ananinima of reflectance.

situ reflectometry curvdéor a 900nm GaNgrowth is shownn Figure 19
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Figure 19 In situ reflectometry for a 900nm GaN film.

One of the key parameters during the epitaxial growth is the gitewtperature.
The growth temperature can affect the compositioteofiay and quaternary alloyshe
growthrate,the surface roughness, atfte structural materials qualityherefore, careful
monitoring and accurate control of the growth temperature during the growth is

fundamentalConsequentlythe temperature is monitored thermocouples.

2.2 Structural characterization techniques

X-Ray Diffraction: X-ray diffractometry is a nodestructive essitu technique giving

accuratecharacterization of the structural properties Ibtnitride layers. The basic
principle of Xray diffraction isdescribed bythe dynamical theory of diffractiof9].
The tool is based on the diffractigpatterns of the reflected -y beam after its
interaction with acrystalline sampleThis technique allowanaccurateanalysis ofattice
parameters, alloys composition, tkmess and uniformity ogpitaxial layers, builtin

strain, relaxation, and crystallimgiality [100}
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Our laboratory is equipped with High Resolution X'Pert PRO M®Material
ResearclhDiffractometer) from PANalytical. It is providedith a Cu-scaled anoden
line-focus,hybrid monochromatoronsisting of a mirror and at®unce channel Ge(220)
crystaldelivering a high intense i radiation -= 1.5405), and a secondary optics plus
detector. The hybridnonochromato delivers a beam with a heigbf 1.2nm and a
resolution of~ 12 arc sec. The height is adjusted with sdicsording to the size of the
sample.Figure 20illustratesthe diffractometer movements where and 2d are the

incident and diffractiorangles.

~

~~~~~
~~———

~

detector

Figure 20: Angles associated with the diffractometemovements.

The Bragg's law (Equatio5) describes the diffractionf X-rays by different

crystallographic planas a crystal.

nA = 2d sin(fg), (25)
where ¢y is the spacing between the lattices planes, (k& the miller indexes
presented in Chapter dg is measured betweaehe direction of the incidetieam and the
lattice plane under considerationsis the wavelength of the -Kay source, and n is an
integer describing the order of diffractioRigure 2lillustrates the Xray diffraction at

the Bragg wavelength in the case of parallel planes to the surface.
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Figure 21 X-ray diffra ction at the Bragg wavelength: he planes are paallel to the surface.

Each structural defect, dislocation, or alloy fimmogeneity in therystal creates
a localmisorientation of the atomic planes, which slightly peruhe broadnesef the
XRD peak.Consequently, théull width at half maximum (FWM) of the diffraction
peak gives aqualitative indication about the defect concentration in dhetal. This
measurement is called the rocking cufvescar). For group Il#Nitrides, lage degrees of
mismatchexist. Therefore, rocking curve can be useddtermine theelative crystalline
guality of the different alloy§46].

For large lattice mismatch systems, one major limitation ofrdloking curve is
thereduced angular range, which can be transcebgqzerbrming ¥- 2d scans.n this
diffraction condition, the detector moves at twice the angular rotation rateestimple
so that the measured diffraction angle remaunsal to the incideriieam angle [46]

Conversely to the rocking curve, reciprocal space maps (RSpérisrmed95]
to separatehe moscaicity (variation iry) and lattice strair(variation in¥/2d). The
reciprocal space isasically a threelimensional3D) Fourier transfornmof the real space
periodicity. This technique is categorized it measuring types:naasymmetric RSM
calculates both a andlattice constants, while aymmetric RSM contains information
aboutthe crystaine quality of epitaxial filmg26]. Figure 22 illustrates the observed

tendencies of daiffraction peaks movement in the AlGaN systgrowth on GaN
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substrates (symmetriplan (11.4)) The results givean accurate information on Al

incorporation and relaxation.
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Figure 22: Influence of the relaxation and Al incorporation in the AlGaN system for (11.4) plan.

Transmission electron microscopyYEM is a microscopy technique whereby a

bean of electrons is transmitteitirough an ultrahin specimenThe interaction of the
transmitted elgcons forms an image with asignificantly highresolution to examine
details such as lattice defects in crystaid the interfaces quality in heterostrues.

After sample preparation performed by FIB (focused ion beam) at IEMI,
Franc@, all the TEM images presented in this work wpegformed using Philips CM20
transmission electron microscaopl the samples were performed BGilles Patriarche at
LPN (Paris, France). The basic components of TEM are: the magnetic lenses, the
diaphragms, and the phosphorescence screen. The system is equibpadungsten
filament for electron emission into the vacuumdmynection with high voltage source to
acceerate the sourcgsypically 200 kV). In high resolution mode, it is possible through
this microscope to enlarge the image up to 750000 times. The inaage®corded
digitally by CCD camera.

The system operat@s either diffraction or imaging mode. Tih@ostused mode is

imaging condition which selects and projects the imptane (Icated at the diaphragm
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area) orthe screen. In thdiffraction mode, sometimes called "selected area diffraction”,
we look at the image formed in the focal plane of the dbjeclens.The diffraction
pattern ofelectrons is projected on the scragsing the projectotenses and yields a
diffraction pattern of thesample.

The TEM system is noticeably combined with an energy dispexsiray (EDX)
spectroscopy allowinga chemi@al characterization an@ quariitative compositional

analysisin the case of ternary guaternary alloys.

2.3 Imaging techniques

Nomarski optical microscopytn this work, the Nomarski microscopy was used to

investigate theéayer morphologyandobserve acks and defects. The maiomponents
of a bast light microscopy are: a ligttource tailluminate the sample, a nose piece to
hold the different objectivesised inchanging the viewing modification, an aperture
diaphragm toadjust the resolution antbrtrast, a field diaphragm to adjust tfield of
view, ocular lenses for magnificatioand a sample stageanipulation [2]

The system uses the principle of interferometry of polarized lighich is
laterally divided by a differential interference corgt&DIC) prism into two orthogonal
light packets. These light packdig the sample at twoiffierent positions and are then
reflected andeturn to the prism through different paths. The differences betivettn
reflected packetproduce interference camasts in theimage [28]. Features such as
surface defects, etgdits, and craks can be clearly observed. Timeoretical resolutioR
of an opticalmicroscope is given by Equati@ [101}

0.61A

nsin(u)

=

(26)

where n is the refractive index of the medium between thelsangobjective, 0.61 is a
coefficient associated with the Fraunhotkifraction, a-is the wavelength ofadiation,

and u is theobjective aperture. The resolution difference between opticakkeationic
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microscopy lies in the difference between bativelengths. In facBpnoond 5 0 &d m

&xa& 0. QW@hchlead tRphoond 500N andR& 0. 2nm, respectively
Nomarski microscopy is typically used to investigate the sanspidace

morphology. Toinvestigate deeply the surface topograptie roughnessdislocation

propagation, andlifferent otherfeatures, scanning electron miatopy, atomic force

microscopy andransmission electron microscopy should be performed.

Scanning electron microscop¥he highresolution SEM images the sample surface by

scanning itwith a highenergybeam of electrons rather than light (optioaitroscoyy).
In addition to its large depth dfeld, SEM enablesnalyzing at hanometric scale the
morphological and structurgroperties. The properties include growth mode, default
density, anddislocation behavior. SEM also allows an accurate observationviode
bandgap materials such B&lGaN alloys by using lowaccelerating voltages andeth
possibility to use a variablgressionrmode. Owing to its high resolution (1nm at 15KV),
this equipment islsosuitable for nananaterial and devices.

Our model ZEISS SwraTM 55/55 VP/55WDS with GEMINI COLUMN from
Carl Zeiss SMTFNano technology systems division offers the highesolution available
today. The main features of the instrumentarelectrorcolumn containing the electron
source (Figure23) and the magne focusing lenses, the samptacuum chamber, and
the electronics console forming the confpahel. The basic principle wille detailed in

the followingparagraph.
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Figure 23: Scanning electron microscopy and cathodoluminescence systems.

A beam of etctrons is produced by the electron source, @fared as the gun
by heating a metallic filament. The electrbram passethrough the different lenses to
focus the beam dowtowards the sample. When the primary electron beam hits the
sample,the eleatons lose energy by repeated random scatteringadsdrption. The
interaction volume depends noticeably on electrdarsling energy and the atomic
number and density of the samplgfter hitting the sample, higknergy electrons
(backscattered osecondey) are ejectedirom the sample. These electrons are then
collectedby specialized detectors whiclnvert them to a signalhe signal is then sent
to a viewing screen producing the obseriedge[102].

A JobinYvon cathodoluminescence system has beeentéy developedand was
mounted iNSEM. Cathodoluminescence spectroscopydmsrged as a powerful tofar
the micracharacterization of thelectronic propertiesf luminescent materials. Major
applicationsof CL include materials electronic band stures, measurements tie
dopant concentrations and the minority carrier diffusion lengtpping of defects and

densities, and analysis of strekstribution in epitaxial layers.
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The CL spectroscopy is analogous to PL system (developed lategtdreof a
samplematerial are excited to a highenergy state anthen return to a lowegnergy
state or an equilibrium state leynitting that excess energy through a photon. One major
differenceis that the excitation energy is an order of magnitude hifdrelCL and
slightly higher forPL than the luminescence energies. @iiterence inenergy between
the excited anéquilibrium states iselated to the energy of the emitted light.

Atomic force microscopyAtomic force microscopy is a nesestructive techique which

hasbeen invented by @inning, C.F. Quate, and Ch. Gerber in 1986. AlSNypically
used to observe higiesolution tridimensionabpographical analysis of a surface. AFM
capabilites include3D surface topography, detection of atomic scalatdres, surface
roughness analysignd defect study103, 104] A block diagram of thedifferent

components of aAFM is illustrated in Figure4.
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Figure 24: Schematic diagram of AFM and its components.

The principle is based on measurements of tkerantion forcedbetween atoms
on thesample surface and a tip fixed on a cantile¥ére sample surface is fixed on a
piezoelectric support to move thip in X, y, and zSurface roughness leads to a variation

of interaction force leading to a variatioaf the distance betweethe tip and the surface
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through the cantilever deflection, followirdpoke's law. The reflection of a laser beam
on the cantileverregisters this bending. Thsignal is detected afterward by four
photodiodes conm¢ed to a numeri¢acquisitionsystem. hie change# the cantilever
deflection or oscillation amplitude in thedirection are determined by differences in
output voltages of thphotodetector. The measuremeleiad to an accurate topography
map.

There are 3 different med:
- Tapping mode: The mode consists of oscillating the cantilak@und its resonance
frequency and lightly tapping on the samgleface during the scanning.
- Contact mode: The mode uses the repulsive forces based orefausion principle.
As thetip is rasterscanned across thaurface, the cditever deflects because of the
surface roughnes3he contact mode maintains a constant deflection to keep the force
between the tip and the surface constant.
- Non-contact mode: Nowontact mode AFM doesoh suffer from tip orsample
degradation whemsing contactmode AFM. Howeverthis mode uses thattractive
forces which are quite low and requirery low-noise environment.

For this work, a Veeco Dimension 3100 is used to investigatesithface
morphobgy of nitride layers. All measurements wegrerformed usig the tapping mode.

In additionto the sample surfadepography, AFM allows roughse calculation through

[ L5z —%)2

the rootmeansquare (RMS) which is given by Vvl . This parameter

indicates the standad®vation of the sample heightithin thetotal surface.

2.4 Optical properties investigation

Spectroscopic ellipsometrBpectroscopic ellipsometry (SE) is a mdestructive optical

technique used for analysiand metrology. The technique allows tleecurag
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charaterization of thin film layersthrough thecalculation of the refractive index,
extinction coefficients, allogompositionanisotropy, roughness, and uniformity.

To investigate the optical properties of botmased materialseveral samples
have [een analyzed with UVISEL phaseodulated ellipsomete (from HORIBA
Scientific). TheUVISEL ellipsometerinstrument is shown in Figur25 [8]. The basic
components are: a Xenon lamp adight source coveringa large spectral range, a
polarizer to establisha linear polarization, a photoelastimodulator to inducea
modulated phase shift of the reflected beam, an analyazolgrizer to resolve its

polarization state, a grating monochromaéod a detector [8]

" Photoelastic
Modulator

' Sample

Figure 25: Optical setup of UVISEL ellipsomeer [8].

Spectroscopic ellipsometry operatey measuring the change in tHeght
polarization statéefore and after reflection upon a surfatbe method masures two
ellipsometric angles] a qp dhey are related to the ratio of the Fresnel amplitudes

reflectioncoefficients of the sample, asostn in Equation 27

]‘IJ % f £ oy ="
£ = tan() exp(iA), (27)
Ts

where (p, 1) are the Fresnel reflection coefficients fparallel andperpendicular
polarization of light, respectively. (] a@rdfer toamplitude and phase changes of

the ellipsometric rat, respectively a ndépemng ordifferent parameters, such as the
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layer thicknesses, the optical propertieseath layerand the incidence angle (usually
taken between 65 artb°). The useckllipsometer evaluateds, Ic), which are linkedo

(4, |, as shown ifcquation28 and29.
I, = sin(2v)cos(A). (28)
I, = sin(2¢))sin(A). (29)

The data measurement was perfedover the range [250800nm]under a 70°
incidenceand at room temperature.

This measurement technique is infationrich. However, it isindirect, which
meanghat the measured quantities need tadrapared or fitted to datgenerated from a
model representing thesample. This modelisation wasenformed using DeltaPsi2
HORIBA JobinYvon software.

Photolumirescene: Photoluminescence spectroscopy is an extremely powerful optical

analysis technique tmeasure the optical bandgap of semiconduetgers, their purity,
and their crystalline quality.

Photoluminescence refers to the process of photon excifatiowed by photon
emission. In fact, a laser beam with an enayggater tn bandgap energy is focused on
the layer. The photonsill be absorbed and thereby raise an electron from the valence
bandup to the conduction band, creating a hole in the valence batlis process of
photoexcitation, the electron loses its eneexgess up to the lowest energy et
conduction band. The excesnergy disipation is presented in Figurg6 as the
nonradiative relaxation. Then, the electron falls back dowhewaleice band through a
radiative recombination involving ahoton emission near thieandgap energy. The
radiative process alsavolves defect levels with respect tmnradiative transition. The
photoluminescence inteiys can be used to identify traeensitydefects Reference [105]

gives deeper details photoluminescence measurements.
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Figure 26: Schematic representation of photoluminescence principle.

All the PL meaasurements were performed i@ntinuous system. £W Argon
lon laser generates up to 2W Higbetween 458 and 528nfBO crystals were used to
produce deefyV CW light. The light isfocused ontdhe sample. The luminescence is
analyzed using apectrometer from Horiba Jobin Yvon equipped with a Synapse CCD
detector and a photomultiplier tube. ditionally, a LN2cooled cryostat from Janis
Research can be used to perform low temperat@asurements down to 66°K.

Fourier transform infrared spectroscopyn comparison to dispersive techniquésr

which each wavelength tetected at a timdourier transform infrared spectroscopy is a
fast and sensitive method to measwigsorption in materials. FTIRan be noticeably
very useful in Bragg mirrors reflectivitgalculation or thin films transmission over a
wide spectral range.

All the FTIR measuremés presented in this project were perfornbgda Bruker
Vertex 80V. The technique is based on the activaligned UltraScan interferometer,
which provides peak spectraeésolution. The Vertex 80V is an evacuated optics bench
that careliminate atmospherimoisture absorptions for ultimate sensitivatyd stability.

That enables high resolution and UV spectral rangegasurements. The spectrometer
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operats with three sources and thrdetectors enabling widgectral range experiments
(200nm- 10em) [106].

The basic principle of a FTIR spectrometer is explainedobswing: a light
generatedrom a spectrally wide source passbsough an interferoeter. The specific
frequency isabsorbed whethe interferogram signal is transmitted through a sample after
few reflections and transmissions into the beamsplitter andhtheng/fixed mirrors. As
the detector interferogram cannot li@ectly interpreted, Rarier transform is applied.
Theraw data igepresented by the absorbance (or transmittance) versus waesmum

SpectrophotometryThe DBR reflectivity analysis was performed on a dispersive dual

beam UV/VisibleLambda 950 by Perki&lmer, which is more efficierthan FTIR in the
deepUV region. The measurements of the fillransmission and eflection were
performed in theultraviolet, visible, and neamnfrared spectral range (20B00nm). The
spectrophotometer is equipped with two different radiagpealigned sources: a
deuterium UV lamp and a tungsten filamdautnp for tke visible and infrared spectral
range, respectivelyDepending on the spectral range to analyze, two detectors are used.

A photomultiplier R6872 is used for high energy in the whole UViNdselength
range,and a peltier cooled PbS detector is appliednfar Infrared (NIR). The spectral
resolution are 0.2nm and 0.05nm the NIR the UV/visible range, respectively.
However, for all theperformed measurements, one nm was used, which was widely
enough.

This spectrophotometer can operate in transmission and reflestmfes.
Furthermore the system can also be equipped with a universfiectance accessory
(URA) for variable angle specular reflectiéor thin layers films.A 150 mm integrating
sphere camlso be usetbr diffusive samples (in both reflection and transmission).

This system wa mainly used for borehased materials such as BGahd BAIN
with significant diffuse reflectance componentderefore, ugg the integrating spheres

was paramount. Samples aptaced at the back of the sphere and the light is reflected
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back offthe samfe and collected by the sphere. Measurements typipedlyide the total
reflectance (Figure 27aand thediffuse reflectance (specular excludeartion (Figure
27b). Both total and diffuse reflectance can bmeasuredindependently. The latter
measurement achieved byllowing the specular componetat exit the sphere through
the openspecular port [107] The speculareflectance ismeasured by deducing the

diffuse reflectance from the total data.

Specular light port

Closed position
p Specular light port

Open position «—
Reflectance port

with sample Sample

bearn/

Transmission port

Sample

beam/

Transmission port

o[ |Reflectance port
with sample

PMT or Pbs
Detectors

() (b)

Figure 27: Measurement of (a)the total reflectance and (b)the diffuse reflectance (specular
excluded) using an integratingsphere.

Raman spectroscopyRaman spectroscopy is a Rdestructive technique based on the

light inelastic scatteringphenomenon generated from the excitationvilrations in
molecular and crystallinenaterials. Raman couplingith optical microscopy &ws
probing reduced volumes the investigated sample. As is is not a resonant process, the
probability that the transitionbetween the excitation and detecttergies taccur is
very low[108].

Despite the fact that the technique was first demonstrated inkdy928/. Raman,
it wasonly intensively used in the seventies thatikshe devedpment of highintensity
laserswith excellentmonochromaticity. As a matter of ta@ single line of a continuous
laser sourcéormsthe excitation part.

Raman spectroscopy technique is very sensitive to molecular ceysdal

structure. Thaenables an accurate measurement ottistallinity of the nitride layers,
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identifying noticedly if the grown films are polycrystalline. This feature will be used for
BAIN films (Chapter %.

The basic principle of Ramaspectroscopy is as following:egarding the
investigatedsample, an intense laser beam in the UV, visiimenfrared range impiges
on thesample. This sample illuminatiayenerates an electric fiettistorting the sample
electronclouds,leading to some energy storage. The energy will be then reradiatiesl
samefrequency than that of the incident excitation ligkferred afRayleigh scattering.
Another part of the stored energy then transfergk to the sample and leads to an
excitation of thevibrational modes. The vibrational energies are deduced froentmgy
of the incident beam, and weak side bands appear ispid&rum forming the Raman

lines [108]

2.5 Electron emission and mass spectroscopies

Secondary in mass spectrometnSIMS is a widely used analyticatharacterization

techniquefor analysis of semiconductor alloys. Tteehnique is aery sensitive surface
analysisable to detect loveoncentrations of atoms such as impurities or dopants at the
partper billion (ppb) levels It can also provide a wide rangeaémental depth profiles

by drawing different elementsoncentrations as a function of depth. Irdee quality,
andlayerthickness can also be observed empirically.

SIMS operatesdby bombarding the sample surface with a primary beaimgbf
energetidons (30 KeV) such as ©, Cs, Ar*, or Ga to produce physicalamage and
sputter charged angh-chaiged species.nl opposition to high sputteringode used for
depth profiles, static SIMS is performed when the sputtering raetismely low. That
enables the entire analysis to be perfornaddle consuming lesshan a tenth of an
atomic layer. Sputteratesmainly depend on sample material gomimary beam intensity

and fallin a range from ® to five nm/s [109]
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The ejected secondary ions are extracted, energy filtered, andtéed mass
spectroscopy system to count the ions at each stapn@npersecond). The number of
ejected ions per incident primaign is called the secondaion yield. At the end of the
sputteringthe sputtered depth crater is measured to draw the depth profile.

SIMS can also be used for quantitative analysis by using velagnsitivity

factorsdefined according to the following equatid®9]:

1 Ir
L RSFp—, (30)
R Ck

where E and k are the secondary ion intensity for #lement of interestnd a reference
element. € and G are the concentration of the element ofterest and the reference
element. RSEis the relative sensitity factor for element Ewhich needs very accurate
calibration.

SIMS is extremely powerful technique and widely used for thin filnaerials.
However, it presents few limitations:
- The technique is locally destructive.
- The exact incorporation in the ternary or quaternary alloyerig difficult to obtain.
- The technique suffers from mass interference problems.

X-Ray photoelectron spectroscopy: The major purpose of the nakestructive

Photoelectron spectroscopsyto study thecomposition and electronic state of a sample.
Thetechnique is based on photonizationand analysis of the kinetenergy distribution
of the emitted photoelectrons.

The basic components of XPS tool are awa¥}( source offixed-energy, an
eledron energy analyzeelectronic controlsand a highvacuum system to avoid surface
reactions anctontaminations. XPS technique uses monochromatic souragsliafion
and is based upon a single photon in / electronpoutess. The Xays penetrate the
sample reaching a depth of@crometer, and the emittgohoton is absorbed by an atom

in thesample. That results on the ionization and the emissiorcofedevel (inner shell)
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electron. The number of emittgthotoelectrons as a funati of their kineticand binding
energyrefers to the kinetic energy distribution. It can be measured asirgppropriate
electron energy analyzer and enable the determinatitihve photoelectron spectrum.

In addition to the energy analysis of the emitted photoelecttbesanalysis of
augerelectrons can also be performed in XPStalket, an outer eictron fills the core hole
whenthe core electroris ejected by the Xay radiation. Consequently, an Auger electron
is emitted to balance the energy of this transifiotD, 111].

All the XPS measurements performed in this study were carried (w@HP in

Paris.
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CHAPTER 3
THEORETICAL STUDY OF THE DBR STRUCTURES IN THE UV

RANGE

3.1 Distributed Bragg reflectors

Since the DBReflectivity and bandwidtldetermine the VCSEperformances, thkasic
parameters and equations governing the DBR®wacteristics are summarized tinis
section.

Originally known as "quartewave mirrors”, this structure wasenamed to
"distributedBragg reflector", referring to the Bragdgsv that akscriles the diffraction of
X-rays atatomic planegEquation 2%. The Bragg's law was introduced @hapter 2 to
describe the interference pattern)ofrays scattered by crystals. TH#éfraction can be
applied withany beam: electrons, ionprotons, ancheutrons. In thecase ofDBRS,
photons are interacting with periodic interfaceshigtepstructures. Thesum of the
reflected part of the incidemiectromagnetic waes on the different interfacggves the
reflectivity of the DBR structuref84]. A moredetaileddescription of the calculation of
the DBR reflectivity will bepresented in next sections.

A DBR is a periodic multilayer structure with a unit cell formedtlyp quarter
wavelayers, alternating layers of low (handhigh (ny) refractive index raterial.

The reflectivity of a mirror is a function of the refractive indexiation between
both layers forming the stack and the numbeipefiods (m).A simple formula can be

used tocalculate the DBRheoretical reflectivity, as shown in Equatidh

_ (ngy2m
: {Jr.-.- V2

I) i i
Rrp = 'r"l'h|_' = i31)

1+ {’J%;“
This theoretical calculation assumes that the different lagensing the DBR

stack are quarter wavelength &/ 4tmck). This feature guaranteesonstructive
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interferences and leade a maximum reflectivity value. The above equation for peak
reflectivity is true at a normal incidence and at the centravelengthogagg The
experimental reflectivity isisually lower than the theoretit calculation as the layers
absorption, the interfaces qualitgnd the surface roughnesfect the real measure. A
detailed calculation of the reflectivigimulation as a functioof the wavelength and the
number of periodwill be given in Sectin3.2.1

As mentioned in the previous chapters, because of their sihaptification
lengths, VCSEL devices require reflectivity exceedi@§% to overcome the different
losses andeach the threshold. Thegh reflectivity can be achied either by increasing
the numberof periods or by selecting materials with high refractive indemtrastom.
Consequently, intensive efforts will heerformed in net chapter to study the optical
properties oboronbased materials. These materials pegsent an efficierdolution for
new-generation DBR structures in the UV range.

Given the difficulties in growing a ufiorm active regiona DBRstructure with a
wide bandwidth is fundamental for a bettefficiency of the laser device structure. In
fact, the electroluminescence peak of the active region has to be alignedh&ibBR
reflectivity within its dopband [41] The bandwidth is complicated to express and use
analytically,because it depends amany parameters. The parameters includentmeber
of layers, the central wavelengiémd mainly the refractivendex of both materials. The

spectral width of the stopband cdne approximated byhte Equation 32

'1}‘Hm_r;_r,i .oy — Ny Qf.\"'J'j":-'fl_r,i_{,li"*'” ,
arcsin( = . (:
ny + np, Ingpe

n"l)\.w-! opband —

(]

where R is given by:

‘ NhighTlow ‘e
”f.'_."f = 2{#} |-
Mhigh + Mow

Another important parameter that has to be taken into consideratitime

penetrationdepth of the optical mode. The penetration degd#iines the partial
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penetration of theptical wave in theeflector. This parameter significantly increases the
cavity lengthand cavity order and consequently the mode spa¢#id. Equation 34

gives thepenetration depth into the reflector:

A
4An

Legr=r

To reach a high reflectivity in distributed Bragg reflectors, itofs prime
importance thathere is no residual light absorption thfe incident wave witin the
structure. Therefore, good choie of the materials selection is fundamental in the DBR
design.

In addition to VCSEL devices, the realization of highly reflectiveide Bragg
reflectorsis a first step toward the developmentather optokectronic devices. They
include FabryPerot modlators, high finesse microcavities, and resoneatity light-
emitting diodes (RCLEDSs). In fact, DBRs can be used to improve the déigtiaction
efficiency of light-emitting diodes and obtain narrow ardirectioral emission. The

mirrors can benultilayeread-dielectric orepitaxiallvgrown DBRs.

3.1.1 Epitaxial DBRs

A stateof-the-art of the nitride DBR structures was summarizedSettion1.4. The
different nitride systems that cdme used to develop mirrors the UV range were
reported. In factthe mostconventional system is undoubtedAGaN/AlGaN system.
However, the demonstration of a highly reflective structure wittbad bandwidth in the
UV range has been proved to be challenging.

The basic dynamic in AlGaldased structures is that material qiyas affected by large
lattice mismatches. Nevertheless, redulegtice mismathes resultn alarge number of
periods and also dmited bandwidth. The introduction of the borbased DBR
structures can overcome some of the issues related to the Inefitedive index contrast

and reduced bandwidth.
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This research will be largely detailed in the following section$adt, the growth
andstudy of optical properties of the borbasedmaterids and their integration in DBR

stacks will be described i@hapter 4 and Chapter Eespectively.

3.1.2 Dielectric DBRs

In contrast to the bottom DBR, the top mirror is conventionaltiledectric one. These
materials take advantage of their relate@se of deposition andetin high refractive
index contrast. Aplasmaenhanced chemical vapor deposition reactor (PECVD) is
generally used for the deposition of dielectric materials. The legffactive index
contrast leads to thin structures since only fpariods are needed teach 9%
reflectivity. In the opticapumping configuration, a las@umping through the dielectric
mirror is fundamental. To limit the reflectivity of the pump wavelengthpecific design

of this dielectric mirror may be necessary.

As mentioned in the first chapter, the typical roungd gan in aVCSEL cavity is
of the order of few percents. To achieve the lasthgeshold, theotal cavity losses,
including the mirror losseshave to be maintained below this value. Assuming a%89.9
bottom epitaxial mirror, and negligible intreavity loss, at least~ 98% reflecting
dielectricDBRs are required for the top UMirrors. The high reflectivity implies that the
extinction coefficient k othe amorphous dielectrimaterials must be very low at the
emissionwavelength.

From the first dielectric DBRtructure which was developed in @mrly 1950's in
the visible range using ZnS/MgF system, intenseféorts were performed to reach
highly reflective DBRs. Theonventional Si@SiON system has beealready proposed
and proved to be efficient to fabiate planar microcavities in th40nm - 390nm
wavelength rang¢l12, 113, 114] Other dielectric systemsan dso be used for UV
DBRs such asSiO,/HfO,, SiO,/SisN4, and SiQ/ZrO, systems. TheSiO,/HfO, and

SiO,/SisN, systems are often uséal realizelow-loss highly reflective mirrors, mostly at
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wavelengthsabove 300nm{34, 115, 116] Only few reports oDBR structures were
reported in the 250mB00NmM rang. A reflectivity close to 9% hasbeen repded at
250nm wavelength using SiBIfO, materialsystem[117]. Therefore, this system can be
applied to fabricate VCSEdtlevices at deeplV range.

While the semiconductdsased mirrors are expected to present \@ny optical
losses,the extinction coefficient of Hf©@may reach10? in the 200nm- 300nm UV-
range.This feature can bexplained by the depositoof a substoechiometric (O/Hk
2/1) material. In addition to SiSHFO, system SiO,/Al,0O3 and MgFR/Al O3 systems can
also offer highly reflective mirrors. Theseystems are interestirgjternatives, as they
will be less prone to optical absorptiondomprison to the previous system. This feature
can be explained bthe wide bandgap ahe considered material]$18]. However, in
comparison t&iO,/HFO,, the refractive index contrast of these systensmialler, which
leads to a narrower mirror stopband. Thereforargernumber of pairs to achieve @8
reflectivity is required.

Table 5summarizes the properties and gwtential performances difie different

materials that can bemployed in the finadtructue for DBR structures &80nm.

Table 5: Performances of dielectric DBR mirrors.

Low-index material High-index material Number of pairs for R>9%
(refractive index, (refractive index, at 280nm
n@280nm) n@280nm)
Si0, (n=1.5) Hf0, (n=2.1) 8 pairs
SiO, (n=1.5) Al,03 (n=1.8) 15 pairs

In conclusion, according to the preliminary simulatioH$D,/SiO, is onegood

solution to develop the top dielectriBragg mirror. Several other candidates can be
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employed in the finaltructureas well However, in this disgtation, the dielectric

mirrorswon't be developed further.

3.2 Software design and realization

To estimate the level of performance of the various componentd/6GfS&EL structure,
computer simulations are used in the design ofitta device. For thispurposeyarious
commercial softwaresuch as Pics3d or Silvaowere tested However, their lack of
flexibility makesthem difficult to use. In fact, with these commercial softwares, very
difficult to add the experimental parameters of bebasedmatrids such as refractive
index andenergybowing parameteiTherefore the development of a locabftwarewas
fundamental Toward this end, the Matlab environmentwas used Furthermore, in
contrast to commerciaoftware, making ouown numeri@l modelsand software offers

usadeeper understanding of the physics involved.

3.2.1 IllI-N-match software

The first developed software is namedNHmatch. It gives (a) thiattice mismatch of all
ternaries and quaternaries-Nl materialswith respect to alavailable substrates, (b) the
relaxationcritical thickness, (c) the refractive index, (d) theay diffraction expected
diffraction peaks, and (e) the bandgap of tiifferent alloys usingup to date
experimental energlgowing parameterqd33]. Furthermore the software performs the
reciprocal calculations. This means that starting friin® measuredandgap of any
ternary or quaternary HN alloy, XRD peak, or lattice parameter, {Nl-match is able to
calculate thecorresponding materialsompositions. A shematic of thelll-N-match
software is shown in Figu28. The equationssed tocalculate the various parameters in

this software arextracted fronf31, 35, 119]
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Figure 28: Designed software [[FN-match.

For instance, different methods were reported calculate quaternary alloy
bandgapparameters from those of the underlyibmpary and ternary materials. The
interpohtion approach was used tuarantee good results. The approach was introduced
by Glission et al. [120]. This approximationcan be applicable to all [Iknitrides
quaternaries. Equatiddb illustratesthe bandgap calculation f@AlyGa.xN quaternary
[31].

. - zyEgpun(u) +y(1 —  — ) Equcan (v) + (1 — 7 — y)5Egpcan (w)
Egpaigan(T,y) = . I |
Ty + .U[l —I—1y) + [] —r—y)z

{1
(RS TN

= 1Ty g — 2zz2y o, 2-dry
where =~ 2 | 2 and 2 | Theternaries bandgaps

have to take intaconsideratin the different nitride bowingparameters, which were

summarized in Table 3
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3.2.2 Reflector software

The simulation of the DBR reflectivity and bandwidth is of gr@&aportance to
characterize the behavior of the overall VCS#tucture.The reflectivity was simulated
using the standaransmission matrix thepthrough a second software calRdflector

A more detailed description of the calculations is giuenl21, 122] The method is
based on a max formulation of the boundargonditions, derivedrom Maxwell's
equations. Starting from a multilayer stture withdifferent refractive indexes, the sum
of the intensities oélectromagnetic field at theth boundary is equal to the sum tbie
field intensities at theext boundary multiplied by thghaseshift. These two expressions

give the refraction (Heption36) and the phase (Equati@7) matrices.

PR
(3]

0 erp(—jg)

where the optical admittance at ththilayeris Y;, and(; is the phasshift caused by the
transmission of théeld through the-th layer. In fact, each layer @escribed by phase
matrix and each interface by a refraction matrix. The optiaakferfunction of the DBR

is given by the product of ttdifferent phase and reftdon matricegEquation 38.

Ep o o Epg1 S Si2 Epgiq
| = Wor W aUn. Wi hUWi s ) = -

E I1 E'J',R- 11 Sa1  Sao 0

(38)
where |k and E present the rightand leftgoing waves(Figure 29) and S (§) is the

opticaltransfer matrix.

64



E, .

Li-l)g E,. <

E..

R(i-1) Eq,

Layer i

E E =0
Lli . L(k+1)

12 |- -1 1 |.. [k-1| k
E—> —
Rl Erae)

Figure 29: Electromagnetic wave incidenting on the DBR structure.

Finally, the reflectiity is given in Equation 39

Eris 8219 (39)
- i - - .I:'- i)
Er s11

R =

To achieve high reflectivity in conventional AlGdksed DBRs, it is
fundamentalto have a large refractive index contrast betweenldyers forming the
DBR. However, asnentioned in the previoushapters, the DBR designust carefully
balance competingradeoffs when using conventional AlGaN materials between
refractive indexmateials absorption, and lattice mismatch. But, one major fatttat
has to be taken into accoustthe irplane latticeas itinduces dislocatios and cracks in
the structure. Consequenthygsigning straifiree mirrors is of paramount importance for
VCSEL devices. Thalifferent zerestress pproaches were investigated. Tdaculations
were based on Zhanget al. article [123] and J.M. BethouX¥PHD thesisdissertation
[124]. They investigated the concept of strain baldocatwo-layer system by studying

the inplane stress from aglastic theory.
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For a specific layer, the elastic energy by unit surface is giveheirfollowing

equation:
— 2 — M.he, (10)

where h is the thicknesd)is the deformation of thiayer (Equatiordl), and M is the
biaxial module of thematerial as a function of thdifferent stiffness coefficients, as

shown in Equatiod2. Thestiffnesscoefficients arg@resented in Tabl@ (Appendix A).

__ ap —ay

a1

2 * (——-1.'{

M=C1+Cp————. (42)
11 12 Ca

According tothe elastic energy theory, the elastic energy ofathele structure is
thesum of the energy for each layer. The minimsinainis obtained when the energy is
minimized, which requires th#hte derivative of Eastis equal to 0.

The minimum strain isachieved when the structural quality of tH2BR is
maintained bycompensating the compressive and tensiitess. Equatio 43 describes
therelationship betweethe lattice parameter of the relaxed substrate, the first (aggr
and second layer (a2), to ga strainfree structure. Usinghis approach, the software
allowsan accurate calculation of thiferent lattice paraeters and as a further step the
requiredalloys content to obtain strafnee structure.

(m + 1)Mhias + mMshaay
(m + 1)Mihya3 + mMshoa?

Iy = (1daa

Some DBR simulationsvere also performedo investigateasymmetric DBR
structures. For instance, for the developmentAtf/GaN DBR structure on AIN
template, structures usirdg‘4 AIN and a4 GaN layers were proposéy Nget al.[65].
However, the peak reflectivity and tlseopband width are reduced in these asymmetric

structures.
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Consequently, a large number of periods is needed to achieve hidjlleistive
DBRs,which makestis solution not very efficient. Thispproachs further described in
Section3.3.1

Figure 30 presents the Reflector softwaf&tarting from thecalculated refractive
index for BGaN, BAIN, andAlGaN, the software is able to predithe different
thickneses,the expected reflectivity, artie DBR bandwidth. Furthermortne software
allows the development of strafree DBR structures bgelecting theoptimum alloys
compositions of the two layers formirtge DBR stack. This feature wilbe further

develoged in Chapteb when BAIN/AIGaN DBRs will bantroduced.

Please select the variables you

want to impose !l Layer 1
Layer 2
AN v 1- choose the material
Substrat - if il
AlxGa(1-ON 1- choose the material
G o0 3 2- choose the x if imposed
AlxGa(1-N 1- choose the material Layer 1
Layer 2 . o
B 0 3 2- choose the x if imposed Layer 2 AlGaN
Layer 1 AlGaN
3000
Omee [
(el substrate | AN
: :
; °
° :
RUN
;

Figure 30: Designed software for strairfree mirrors.

3.3 Simulation of the epitaxial distributed Bragg reflectors
As explained earlier, because of the limited relaxation thickti@ssumber operiods is
limited in the AlGaNbased structures. Thaghly reflective structures suffer usually

from cracks anddislocations. Therefore, several solutions were proposed. The first
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solution is to use multiple AIN interlayers to compensate for the tenstkain in
GaN/AlGaN Braggmirrors. This approach has shown a gafficiency and 99%
reflectivity was achievedt 410nm67]. Another interesting solution was thmesertion of
AIN/GaN superlattice stacks in the reflector structiBeveral positions for #se SL
insertion stacks have been repontath good results: either prior to the growi®5] or
periodically in the whole Bragaqirror structure[126]. The latter solutiorallowed the
development of the firsbaN-based electricalpumpedVCSEL structureemitting near
462nm and operating rontinuous wavat 77K[61]. However, in these structurdslly -
strained compounds are difficult to achieve. This relaxationld affect the surface
guality of the mirror especially if growth of an active regias planned.

One additional important approach is to use asymmetrical desigactn
previous workshave shown that asymmetrical design could beféinient solution for
the realization oBragg mirrors using highliattice mismatched material®, 127] Such
asymmetrical design should avoid tbeystal relaxationand therefore results in the
development of digh-surfae quality adapted for epitaxiaégrowth. In thissection,
asymmetrical designs were investigated to realize AlGaN/Gaikors without
relaxation. Based on the critical thickness, sevé&i@aN/GaN mirrorstructures were
simulated with various Al conterind degrees of asymmetry. Suzdiculations showed
the possiblalesign of ighly reflective fully-strainedAl,Ga.«N/GaN mirrors in the nar-
UV wavelengthrange. Finally, because tife combination between refractive index and
critical thicknessevolution, the best suitedl molar fraction in AlGaN alloy changes

with the operating wavelength.

3.3.1Asymmetric AlGaN-based DBR designs
When maerials used in a Bragg mirror are lattieatched, there areo particular
crystalline limitations for its development, and to&al thickness would not present any

issue to reach the aimedflectivity. However, for strained materials system, the ailitic
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thickness prevents the achievement of cifaek highreflectivity structures. The critical
thickness will be described in Sectidr8.2 To overcome this issyasymmetrical DBR
designs were proposed few years fgal27]wherein the total optical Igph of the pair
of layers is kept equab a/2. Within a pair, am@symmetry facto (t) is introduced to
minimize the strain byadapting the thicknesses to keep light reflections in phase at each

pairinterface. A schematic description of such asymmetrical désiginen in Figure31.

incident phase: ¢ d+m

t.d; t

[2-1).d, I ber N2

Figure 31: Schematic description & an asymmetrical DBR (from [9]). t (0<t<1) is the asymmetry
factor. d1 and d2 are the quarterwavelength optical thicknesses of the strained material and the
lattice-matched one, respectively. Thetoal optical . thickness is @&/ 2

If d1 and d2 are thguater-wavelength thicknesses, tloptical thicknesses el

and e2 othe materials in the asymmetrical structure will be the following:
el = ¢ = dl, ey

€2 =(2—1t)=d2. (45)
Asymmetrical DBRs exhibit a lower maximum reflectivity and a smaller
bandwidth bhan conventionalsymmetrical quartewavelength mirrorswith the same
number of periodsThese properties can be essentialtplained by thedct that the light
reflections,occurring at thenterfaces between strained and latiicatched layers, are

not in phasewith others, as illustrated in FiguBd.
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The AlGaN refractive index is a function of the wavelength andAthenolar
fraction. The dispersion of such index values dependinghenaluminum content is
extractedrom [5].

The higher is the Al molar fraction, thegher is the indexcontrast with GaN.
Moreover, AlGaN alloys are tensively strained ddaN, and their crigal thickness
decreases rapidlywhen the Almolar fraction increases. Therefore, it is fundamental to
find the bestcompromise between refractive gxdcontrast and strain tmaximize the
optical performances of the asymmetrical AlIGaN/GBBRs. Bragg mirror reflectivities
were calculated by taking intaccount the AlGaN refractive index dispersion and
absorption.

Figure 32presents the maximum refledgty that can betheoretically obtained as
a function of the asymmetry factéor different AlIGaN/GaNDBRs with different Al
content, i.e. 1%, 20%, 30%, and 40%6. The structures wereentered ads = 450nm The
choice of 40nm was imposed to prevent aalysorptioncoming from the GaN layers,
suggesting more accurate simulatiofhough theAl 4Ga ¢N/GaN system exhibits the
largestindex contrast, it isalso the one that requires the lowasimmetry factors to
achieve equivalent reflectivitgompared to th@ther materials stacks. Consequently, it
appears thatly Ga ¢N/GaN is the least suitable materials couple amtmg different
systems lsown in Figure 32Similarly, Aly15Ga gg\N/GaN and Al g sGa N/GaN systems
appear to be less suitable thag ;:Ga sN/GaN for this application. Indeedor R = 80,

t is equal to 0.13 and 0.1#r Aly3Ga/N/GaN and Al 15Gay sg\N/GaN, respectively
while it is equal to 0.15 foAly GagN/GaN Similar results are found regardless the
desired maximunmeflectivity at 450nm. Indeedpr R = 6(%, the t values increasee.
0.18, 0.19, and 0.20, foflg15GaysdN/GaN, AlgGa/N/GaN, and Alg - Ga gN/GaN,
respectivelyTherefore, we conclude that the combioa between criticathickness and
refractiveindex contrast leads to different optimukh molar fractims as a function of

the centralvavelengths.
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Figure 32: Theoretical maximum reflectivity of asymmetrical strained AIGaN/GaN DBRs centered at
jg%nm asa function of asymmetry factor t for four different Al compositions: 15%, 20% , 30%, and
The evolution of the asymmetrical factor required to achieve a geftactivity
at different wavelengths as a function of the Al mofeaction in AlGaN was hen
studied. Results obtained for R = 89 and R = 606 at two different centered
wavelengthses = 450nm ands = 400nmare presented in FiguB3. This figure clearly
illustrates that theres a best suited Amolar fraction in AlGaN depending on the DBR
center wavelength. Thisaction decreases with the wavelength. Fastance, foreg =
450nm the largesasymmetricafactors are obtained for an Al fraction of%30whereas
this valueis lowered to 1% at as = 400nm As expected, thasymmetrical factors for
Alo1GaygdN/GaN materials coupleare larger than those foklyGaygN/GaN This
featue indicatesthat the asymmetrical design AflGaN/GaN DBRs is mor@ppropriate

for short wavelengths.
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Figure 33: Asymmetry factor necessary to achieve reflectivities of &0 (dashed lines) and 8% (solid

lines) in asymmetrical fully-strained AlIGaN/GaN DBRs centered ateg = 450nm andag = 400nmas a
function of Al molar fraction in AlGaN. The best suited Al molar fraction (corresponding to the
larger asymmetriy factor) is different depending on the centering wavelength of the mirror but
remains constant with the maximumreflectivity expected.

The last parameter studied in this work was the bandwidth. Vdlise was
investigatedusing the transfer matrix model and wiefined earlier. Figur84 presents
thevariations of the bandwidths & 1.Ga sd\N/GaNandAl :Ga gN/GaN fully-strained
asymmetrical DBRs centered 400nm and 450nm, rpsctively, as a function of the
asymmetryfactor. The central wavelength was chosen as the best suitabldorabaeh
materials system, as determined in FigB8 As expected, théardwidth is strongly
influenced by the asymmetry dimr and dramatically decreasesth the asymmetry.
However, because of the limited AlGaN critithickness grown oGaN, the greater the
asymmetry factor is, theower the nmber of pairs is. This featuneesultsin a low
maximum reflectivity. The two best suitable asymmetrical factors for huwtwviously
defined material systems are also reported in Figi#e However, the calculated
bandwidthsare stil very low (< 5nm), which is the major handicap of $kéully-strained
asymmetrical AlIGaN/GaNDBRs. Another importanhandicap is the significant number

of periods required to reattighly reflective DBR structures, which makes this approach

unrealistic.In conclusionthis solution can not be efficient the development ofigh-
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reflectivity DBRs in the UVrange. Therefore, the investigation of new bofbased

materials iSundamental. Thignnovative approach is presented in next section.
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Figure 34:. Stopband width as a functim of asymmetry factor for GaNAly.,GaygN and
Aly1Gay gdN/GaN DBRs. The cenéral wavelengths are 400nm for AJ1GaygdN/GaN and 450nm for
AloGaggN/GaN as the best suitable determinedni Figure 33 The full circles represent the
bandwidth of R =60% DBRs.

3.3.2Symmetric boron-based structures

In the previous section, the asymmetrical DBR design is presentegitoome the issue
of the limited refractive index combined to thiemited AlGaN critical thickness.
However, this approach cannot &pplied because of éhsignificant nurber of periods
required taachieve higkreflectivity structures and the limited bandwidth.

Therefore, in this section, different nitride systemsiawestigated for the development
of DBR structures in the ne&lV and UV region. Firstthe conventional AbaN-based
structures aredescribed. Then, bordmased structures will be investigated usthg
Reflector software. All the simulations performed in this stutbe experimental

refractive index values, which will be describedaxt chapter.

AlGaN-based [BRs:As mentioned earlier, the AlGabased structures suffer from high

dislocation densityand cracks because of the large lattice mismbé&tivee GaN and
AIN materials. In thenearUV region, the AlIGaN/GaNs undoubtedly the nst common

system. Howeverthe limited refractive index limits the peak reflectivity. FiguBb
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presents the required aluminuoontent in theAl,Ga.xN layer as a function of the

numberof periods ¢ achieve 99.% reflectivity at 400nm.
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Figure 35: Required aluminum content in Al,Ga;,N/GaN DBRs versus number of periods to reach
99.9% reflectivity at 400nm.

The DBR simulations, shown in FiguBb, do nottake into consideration the
large lattice mismatch. This issudlvibe deeply described inextchapter by introducing
the AlGaNcritical thickness grown on Gafémplate. Withthe difficulty to develop thick
AIN/GaN structuresi,it is fundamental to use lowluminum content. However, the
numberof periods to achieve %% reflectivity will be very high. For instance, 42
periods areheoretically required to achieve 9%Xeflectivity using Al sGay sN/GaN
system.

To reach short wavelength, GaN materials are too absorbemaandt be used
anymore.Therefore, AIGaN/AIN systems are requirddgure 36 presents the required
aluminum cotent in theAl,GaxN layer as a function of theumber of periods to
achieve 99.% reflectivity at 280nm. Thetheoretical calculation does not take into
consideration theattenuation caused by the surface roughness or by the presence of

cracks and dislotimns.
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Figure 36: Required aluminum content in Al,Ga;,N/AIN DBRs versus number of periods to reach
99.9% reflectivity at 280nm.

It is observed that it is impossible to achieve 99r@flectivity with less than 30
periods.For instance, usinélo/Ga3N/AIN sygem, 40 periods are required @chieve
99.9% at 280nm. Figure37 presentsthe theoretical reflectivity as a function of
wavelength for al0-pair Alo7Ga sN/AIN DBR structure centered at 280nm.dddition

to the issueselated to cracks and diglations, one majassue is relad to the limited

bandwidth. Infact, the bandwidtldoes not exceed 13nm in such systems.
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Figure 37: Simulated reflectivity spectrum of 4Gpair AIN/Al ¢ /Gay 3N DBR at 280nm.
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Toward the difficulty to reach higteflectivity largebandwidthDBRs with high
structural quality in the UV region, the developmeftnew bororbased materials is
fundamental.

BGaN/GaN DBRsFirst, BGaN materials were associated with GaN materials to achieve

high-reflectivity structures. These stiures take advantage of tpeeviously reported
large refractiveindex contrast[7]. Figure 38 presents the theoreticahaximum
refledivity for Boo14Ga .9sMN/GaN DBR calculatedusing the measurd@GaN dispersion
model. It is compared télg . Ga 7dN/GaN and latticematchedAl gdng 1dN/GaN [79]
structuresThis figure illustrates the possible use of BGaN/GaN DBRs agltamative

of theconventional AlIGaN/GaN structures.
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Figure 38: Theoretical maximum reflectivity for Al ggdng1dN/GaN, GaN/Byo1GagesN, and
Al Gagy 7dN/GaN as a function of number of pais.

In fact, as confirmed in the simulations, the BGaN/GaN systemsdisplace the
conventional AlGaN/GaN structures with low alumingomtent. It is observed that with
only 1.3% boron incorporon in the GaN layers, higheeflectivities in comparison to
the AlpGa7dN/GaN system with equivalent number of periodse achieved.
Additionally, thanks to the low lattice mismatch whicloes notexceed 0.2%these
structures suffer less from cra@nd dislocation issuedHowever, the BGaNoased

structures can nachieve the performancesathcan be reached using lattitetched
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Alggdng1dN/GaN systems.That is explained by the fadhat their refractive index
contrast is higher than in BGaN/Gaystem. Nevertheless, the Alindased structures
are not practicalmainly because of &hdifferent growth temperaturbégtweenmaterials
forming the stack. This feature makes the developmensuch mirrors too time
consuming.

BAIN/AIN DBRs: The BGaNbase structures can theoretically achieve higiéftective

DBR structureswith a small number of periods, as shown Figure 38. However,
becaus®f their lowbandgap energies, these material systems cannot benubedleep
UV region. Drivenby the demortsated large refractivindex contrast withthe boron
incorporation in theAIN layers andhe BAIN transparency, BAIN materials can be used
to develop DBRstructures in the dedgV range. In this chapter, no informatiabout
the boron contenin the solidphase will be given, as thigudy will be detagd in next
chapter. Indeed, thiroron contentvill be only reported in the gaseous form. Fig@8
presents the theoreticadflectivity as afunction of the number of periods for BAIN/AIN

DBRs fa differert TEB/III ratios. Thecentral wavelength is 280nm.
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Figure 39: Simulated reflectivity versus number of periods for a BAINAIN DBR for different
TEB/Ill ratio. The central wavelength is 280nm.

It is shown that a high reflectivity can be theoretically aeebd using this

materialtechnology. For instance, with only -pair BAIN/AIN DBR, 90% reflectivity
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can beachieved. These higteflectivities, combined to the BAIN transparency in the
deepUV region, confirm the possible use of BAsed structures faleepUV DBR
applications. The theoretical reflectivity dispersioradGpair BAIN/AIN DBR centered
around 280nm is shown in FigudD. It is shown that99.9 reflectivity can be
theoretically achieved with only 30 periods. The labgmdwidth of such statures is
another major advantage. Fmstance, the bandwidtexceeds 22nm in the following
BAIN/AIN structure. This tady illustratesthe potential of theBAIN materials inthe
development of DBR structures in the UV range. The simulabow better rgults than

AlGaN/AIN system in both numbers of perioalsd bandwidth.
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Figure 40: Simulated reflectivity spectrum of a 30pair AIN/BAIN DBR at 280nm.

BAIN/AlIGaN DBRs:Upon the demonstration of interesting theoretical results using

BAIN/AIN systems,AlGaN/BAIN systems have been also investigatethie advatage

of two majorfeatures. They concern the higéfractive index ontrast and the possible
strain compensation irsuch structures. These features enable high reflectivities with a
small number of paods. To confirm this tendency, the reflectivityas smulated as a
function of the number of periods for BAIN/AIGaN DBR for dfferent aluminum
incorporation(Figure41). The central wavelength is 250nmthre different curves. The

BAIN experimental refactive indexpresented in Chuer 4 and the AlGaN refractive
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index reported by Brunneet al. [5] (Figure 78 were used. A maximumeflectivity of
90% can beachieved with only 10 periods usinBAIN/Aly /G& sN. Depending on the
boron content, a specificluminum content can bapplied to develop a strairee

compensated DBR structure.
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Figure 41: Simulated reflectivity as a function of the number of periods for a BAIN/AIGaN DBR for
different aluminum incorporation. The central wavelength is 250nm.

Figure 42 presents a simulatedeflectivity of 10, 20, and 30-pair
BAIN/ Al sGay N DBR structures centered at 250nm.maximum reflectivity of 9%
with only 20 periods @&n be theoretically achieved 250nm. Thebandwidth is 15nm,
which is much higher thavaluesin conventionaAIGaN/AIN DBRs. Additionally, these
theoretical high reflectivitiesannot be achieved usimgnventional AlIGaN materials in

the deepJV region.
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Figure 42 Simulated reflectivity spectrum of 10/2D/30-pair Aly¢Gag - ,N/BAIN DBR at 250hm.

BAIN/GaN DBRs: Following the promising simulations using BAIN/AIGaN and

BAIN/AIN systemsBAIN/GaN systems were also investigated to take advardhtes
extremely largeefractive index contrast between thesaterials. Howver, despite this
advantgeousfeature, the latticenismatch is also very high, which would affect the
structuralquality of the DBR stack. Additionally, because of the straigorption of
GaN materials belo870nm, this system can be oniged in the neddV range.Figure
43 illustrates the simuladereflectivity as a function othe numberof periods for a
BAIN/GaN DBR for different boron content. Theimulations use 400nm as a central
wavelength. A maximumeflectivity of 9% can beachieved with less than 10 periods.
Additiondly, this system exhibits more than 70nm bandwigtiggesting this system as

an efficient candidate in the developmefhhearUV VCSELs.

8C



100 —

— TEB/Ill = 5%
— TEB/IIl = 71%

98 |

=]
S

96

@
S

a
S

94

Reflectivity (%)
-

N
S

Reflectivity (%)

92

o

350 400 450 500 550
Wavelength (nm)

90 L Il
5 10 15 20

Number of periods
Figure 43: Simulated reflectivity versus number of periods for a BAIN/ GaN DBR for different boron
incorporation. The central wavelength is 400nm. The inset figure presents the simulated reflectivity
for a 10-pair BAIN/GaN structure using 71% as a TEB/IIl. The bandwidth exceeds 70nm.

As a general conclusiothe potential of BAINbased material&was demonstrated
in this sectionas a possible replacement of thmnventional AlGaN materials. It was
shown that the achieveéflectivities using BAINmaterials are much higher than those
achieved using conventional systems. Additionally, conversely tbntited bandwidth
in conventional DBRs, the bandwidth is much highgng bororbased structures. The
development of monolithic growthf the VCSEL devicean also be considered through
the replacemerdf the conventional dielectric mirrors with the botloaisedstructuresTo
confirm this tendency, a deep matermhlaracterizatiorof (B)AlGaN materialswill be
described in next chaptesward their usén the distributed Bragg reflectors operating in

the UV range. Th®BR experimental results will be discussed in Chapter
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CHAPTER 4
MOVPE GROWTH STUDY A ND MATERIAL
CHARACTERIZATION OF (B)ALGAN ON GAN AND ALN

TEMPLATE SUBSTRATES

This research was motivated by experimental results that progwoiee evidence of
strong réractive index modification by &w percent boron imarporationin AIN and
GaN layerd7]. This research was also driven by sarhallenges in the development of
highly reflective andargebandwidth DBRs in the U\Wfegion. Therefore, we studied
more thoroughly the refractive index of bordrasedmaterials, ad we argued for the
potential use of this material system for ttevelopmenbf versatile DBRs. Additionally,
the bororbasedmaterials present several unigoeperties. The properties inclutigh
hardness, excellent chemical stability, and opti@alsparency over a wide spectral range
[128]. Therefore, borofbased nitride alloys have been recently propdsegurposes
such aslattice matching to available substrates applications involving bandgap
engineering129, 130]

The increasingly interestor boronbased alloys has highlighted thmeed to
improve ourunderstanding of the properties of BGaN and BAayers.

Theresearch work presented in this dissertation is divided in gaes. First, the
DBR reflectivity hasbeen simulated by takinigto account th experimental refractive
index dispersion of thenitride alloys (Chapter B Second, the growth and
characterization of the widgandgap B(Al,Ga)N material systems h&een investigated
(this chapter). Finally, following the successadiieving unique optical properties of
boronbased materials, thieoronbased highly refictive DBRs have been grown and

characterizedor the fird time (Chapter b
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4.1 MOVPE growth conditions study

For the purpose of LWCSEL development, we have firstcigsed thisstudy on the
optimization of growth conditions of AlIGaN, BGaN, aBAIN alloys through MOVPE.
Then, b evaluate their application IDBR structuresoperating in the UV rangeleep
structuraland optical studyere combined

Afterward, the boronncorporationin GaN and AINmaterialswas noticeably
investigated Boronbased materials benefit from sevewaique properties makindgpem
suitable for DBR structures operating the UV range. However, there are several
challenges involving thgrowth of B(Al,Ga)N alloys including spinodal decomposition
[131] and phase separati¢h32]. In fact,because of the low solubilityf boron in GaN
and AIN [133], andthe factthat BN is highly dissimilar to GaN and AIN in terms of
lattice constant, it iscommonly accepted that single phase B(Al,Ga)N allare not
attainable above &W percents of borofi31].

All the epitaxial growths were performed at 10@D at atotal pressure of
133*10°Pa (100 Torr) using 100 nitrogenas carrie gas. All growths were carriesut
on 0.2 m thick AIN and 3.2 m thick GaN on sapphire templagabstrates.

The surface morphology of the grown B(Al,Ga)N layers was analyzegtigalt
contrast microscopy, atomic force microscopy, and scannelgdron microscopy.
Doublecrystal X-ray diffractionwas used tanalyze the strain and strucal quality.
XRD analysis alsenablel the calculation of the boron composition in the sqlchse
layersusing X'Pert Epitaxy software.

Boron distribution along the growth direction in the B(Al,Gal\ers was
evaluated bySIMS. The optical properties (refractiviedex, abstption coefficient, and
optical bandgap) have beesxtracted using both spectroscopic ellipsometry and light

transmission/reflection measurements.
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4.2 Study of the growth conditions of GaN materials
In this section, the different gnah conditionsperformed on th&aN layers to obtaia
good structural and morphology quality adescribed. Toward this study, the
temperature, the pressure, andWikl ratio were varied in a series of GaN laggrown
on GaNtemplate. It was observed that increasing the thickness of the |&as
increases the Yit size and deteriorates the GaN surfacerphology. Therefore, the
same 300nm film thickness was used irsathples.

In a first step, the growth ngperature was kept constant, and ghessure and the

V/1II ratio were varied, as shown in Figuré
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Figure 44: AFM surface morphology of GaN layers grown usig different P and V/III growth
conditions.

The V/1II ratio and the growth pressure have arggrinfluence orthe surface
morphology of the GaN layers. In fact, the surfae@plology of the highpressure GaN

exhibits a much smoother surfat@an that of lowpressure GaN. In fact, at a V/IlI ratio
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of 2371,the surface roughness goes from 8nm tm 2vhen the GaN growtpressure is
increased. Additionally, the loywressure layers exhibibw V-pit size and density.
Similarly to the growth pressure,ctear reduction of th&'-defects size and density was
observed whenve increase the GaN V/III raticdm 838 to 5371. The defect density
deaeases from 3.7*fem? to 2.4*10Pcm®.

To investigate the impact of the growth temperature, two GaN layers
afterward grown at 1000°C and 1040°C, respectively. Both layeese grown at a
pressure of 450 Torr ar@B8 V/III ratio. Thesurface morphologies &aN films with an
increasinggrowth temperature are shown in Figu. Similarly to pressure and V/III
ratio, we concluded that temperature was critigadbtaining goodsurface morphology.
In fact, low growh temperature leads tonancreased surfaa@ughness and large-pit
densities. In fact the RMS and the dislocation density wlergeased from 0.7nm and

2.25*10°cm? to 0.2nm and..8*10%cm?, respectively.
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Figure 45: AFM surface morphologies of GaN films grown at (2)1000°C and (b) 1040C.

In conclusion, the influence of growth temperature, pressureVétdratio on

the surface narphology of the GaN layers wagscribed in this sectioithis study of the
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different growthconditions washe starting point in the growth of the differdatnaries.
For heterostructures such as distributed Braglgctors, itis also important to take into
consideration th@ptimum growth conditions of the different layers in gwperlattice.
That leads t@ difficult compromise, noticeably ithhe cas of boronbased structures. In
fact, it was demonstratethat the optimum growth teperature and pressure for boron
basedmaterials are 1000°C and 100 Torr, respectively. The V/III natibbe adjusted

accordngly the boron content.

4.3 Aluminum gallium nitrides materials

4.3.1 MOVPE AlGaN growth

In comparison to borebased materials, the epitaxy of AlIGaN layersvell mastered,
and a conventional growth temperature is aroli@@D°C. However, the AlIGaN grawv
suffers from the large lattiomismatch reaching 296 with GaN and AIN templates. The
lattice mismatch limits the Al content and the thickness of the AlGajeérs. For
instance, grown on GaN template, thiedosGa /N layers exhibits 0% lattice
mismach, andconsequently tend to relax by the formation of dislocationscaacks.
Cracks can be observed above 50nm thickness.

Toward this stdy, a series ofAl,GaxN films with a wurtzite structure and
variable growth conditions (temperatungiessure, Mil ratio, gas flow, soligphase
aluminum compositioretc...) were grown on GaN substrates. The thickness of the grown
AlGaN layers varies from few nm to ompen.

The Al content in the solid phase in AlGaN varies linearly with the
TMAI/(TMAI+TMGa) ratio, as shown in Fig46. Additionally, the AlGaN growttrate,
depicted in the inset of Figl6, is linearly governé by the total Ill elementflow
(TMAI+TMGa). This linear variation of Al content suggests a reduction ofptrasitic
reactions durig the AlGaNgrowth, and that the growttonditionswere optimized to

achieve both composition and thickness control.
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Figure 46: Al composition plotted as a function of TMAI/(TMAI+TMGa) ratio.

4.3.2AlGaN relaxation critical thickness

As mentioned earlier, lowlislocation density and cradkee AlGaNfilms are one of the
key elements in obtaining efficient UV ligamitters. In fact, the presence of dislocasio

or cracks ishighly detrimental in DBRs and VCSELs. Therefore, because of the lattice
mismatch between I&aN and nitride substrates, there is a certiaickness that cannot

be exceeded to avoid relaxation strain.

Despite the extensive research to develop native subsimateding GaN, AIN,
and theiralloys as freestanding wafers, nonbas reached the g of commercial
availability with reasonableprice and wafer size. Therefore, it is fundamental to
accuratelydetermine thecritical thickness to study the thickness limit of tB&8R
structures. Toward this purpose, different theoretical magleth as Gffith, Matthews
and Blakeslee, Merwe, Peopénd Fishemodels[134, 135, 136, 137Aere tested. Since
these models werenot all developed for AIGaN/GaN mulayers, the modelsvere
applied in the AlGaNconfiguration by modifying the differenitrinsic paameters
(Poisson ratio, burgewector, and latticeparameters). However large difference
between thalifferent modelsvas noticed Therefore, obtaining an experimental critical

thickness curve ifundamental.
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To draw the AlGaN experimental criticédickness, the criticahickness curve of
AlGaN hasbeen calculated for two Ahcorporations of 36 and ¥& The Al composition
andfilm thicknesswere determined using both (00.2)-¥ scans and (11./3SM maps.
Figure 47presents the RSNheasurement fothe two different fullystrained AlGaN
layers, forwhich the thickness below the criticathickness. RSMs amominated by the
AlGaN and GaN peaks, which are not offset in iogizontal direction, suggesting no
relaxation in the total film. Byincreasng the film thickness by few nm, cracks and

relaxations werebserved ¥ optical microscopy anBSM measurements, respectively.
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Figure 47: RSM measurements for (11.4) refle@on of (a) Alg1GagsdN and (b) AlgzGageN films
grown on GaN template.

Figure 48presents optical microscopy imagesdifferent Al 36GaysdN Ssamples
with different thicknessesin contrast to the 56npfilms which doesn't exhibit any
cracks, cracking appearsvhen exceeding the critical relaxation thickne3$he 56im

AlGaN film is fully strainfree, as shown in Figue&rb.
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Figure 48: Optical microscopy images of different Ab:GagedN Samples with thickness varying from
340nm (presence of cracks) to 56nm (no cracks).

To draw the final experimentalurve, the stding pointwasthe Griffith model
[134]. The model was theadjusted accordingly to thexperimental achieved points (16
and 36%) through tke modification of the intrinsigparameters. Thé&riffith model is
governed by Egation 46

H.= % (46)
where {i is the surfaceenergy of the crack plane, M is thigaxial modulus, Z is a
coefficient related to the decrease of éffestic energy, andis the misfit parameter.

The experimental AlGaN critical thickness as a function of alumimabar
fraction isshownin Figure 49 In this figure, several critical thicknesseasurements
previously publishedn the literatureare reported together with tlexperimental curve
for comparison. A good agreement between all these values is fobedefore, the

curve can be used in a catdnt way to evaluate thaitical thickness oAIGaN on GaN

template.
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Figure 49: The experimental critical thickness for AlGaN layers grown on GaN templates.
Experimental data are added: 6) from this work, (Cpfrom [10], (y.) from [11], and (| ) from [12].

The obtained curve was afterward validated by growing a 68héaGay /N
material. The film was fully strained and cratke Cracks were observed when few
nanometers were added whikeeping the samelaminum content. Therefore, the

experimentacritical thickness is reliable.

4.3.3 AlGaN/AIN multi -quantum wells

As mentioned earlier, because of the large strain between AliaNdmnaterials, Atich
AlGaN/GaN superlattices grown on AlNemphtes can induce cracks and high
dislocation densityl11]. Consequenthight-emitting devicesusing AlIGaN/GaN MQWs
suffer from low output optical power and shadrrier lifetimes [138]. Furthermore,
absorption in the underlying GaMduces the exteal quantumefficiency of UV light
emitters. A large number gfublications hageported the growth of thick cradkee
AlGaN layers on sapphingsing AIGaN/AIN buffer structures, but only few publications
haveaddressed the growth 8iGaN/AIN MQWs on AIN template substratd439, 140,
141] or on bulk AIN [142]. Such UV transparent AlNemplate substrates enable the

growth of Alrich structures with aeduced global structe strain. Alrich AlGaN alloys
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have thecapability of emitting at short wavelengtiewn to 210nm, whiclmakes them
very useful for the active region of UV VCSEI$43]. Additionally, since the Al
composiions in the wells and barriesseclosein AlIGaN/AIN MQWs, the structureare
favorable fo abrupt interfacesh comparisorto convertional AlGaN/GaNstructures. In
this study, AIGaN/AIN MQWs have been grown at low pressum@ with100% nitrogen
as a carrier gas.

Several MQWs structures wegeown on thick AIN templates. In thigection, the
resuts related to two samples (T251 and PRarepresented. The MQWSs consisted of 5
periods of AlGaN/AIN grownwithout any interruptiorbetween the wells and barriers
with an aluminum well ratio of 4% and 4846, respectively. They werdesigned to
achieve deefJV luminescence at 280nm and 270maspectively. Highresolution XRD
measurements were applieddetermine the nominahickness and crystallography of
the AIGaN/AINMQW samples.

Figure 50 presentsd2y scans forsamples T251 and252 measured in the
vicinity of the (00.2)reflection d AIN. Diffraction profiles aredominated by the strong
peak from AIN pseudsubstrate.Superlattice peaks associatadth the presence of
MQWs structures can be seemnr fioth samples. Thimterstitial N1 fringes (minima),
where N=5 is the number gluantm wells, are also visible. THenges indicate a good
interface quality between AlGanells and AIN barriers in thBIQWs.

MQW periods were determined for thesamplesby measuring theeparation
betweenadjacent SL peaks. The global MQW strain watermned from the separation
betweenthe Gth order SL peak anthe AIN substrate peak. The strain is expressed in
terms of thed-spacing mismatch in (00.1) direction asdcalculated withiespect to AIN

pseudcsubstrate layer.
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Figure 50: XRD 2d-¥ scans for AlIGaN/AIN MQWs (a) T251 and (b) T252 structures. Strong
diffraction peak in the center of the map corresponds to the (00.2) reflection of the AIN pseudmlk
substrate. Red curves correspond to experimental data, and blweirves are results of simulations.

The structural quality of the grown MQW structures has been asdeg$e8M.
RSM was measured for symmetric (00.2) (Figbfed andasymmetric (11.4) rédctions
(Figure 51h. The FWHM ofthe rocking curve for thélGaN layer peak, which is
approxiamtely 0.05 deg, is close to tishthe AIN substrate. The relative orientation of
the AIN and MQWpeaks in theasymmetric RSMs indicates that theplane latice
parameters of the MQWs and thebstrate are the same within @exuracy of théow-

resolution measuneent. Thereforewe confirmthat the MQWs are elastically strained

with respect to AINsubstrates.
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Figure 51: (a) High-resolution RSM for (00.2) reflection and (b) Low-resolution RSM for (11.4)
reflection of AIGaN/AIN MQW T251 and T252 structures.
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From the XRD and RSM measurements, thicknesses and compositiavedlls
andbarriers were accurately determined. The resufisngnetersof the MQW structures

aresummarized in Tabl6.

Table 6: Samples parameters extracted from XRD measurements.

Sample ID | Well Al | Well thickness| Barrier Well strain in the
ratio (X) (nm) thickness (nm) | (00.1) direction o)
T251 0.44 6.2 3.3 3
T252 0.48 6.2 6.67 2.7

Optical characterization using white light transmission phdtoluminescence
was performed on samples T251 and T252. Resafts shown inFig. 52 for both
samples. To extra¢he optical bandgap values framansmission profiles, experimental
data was fitted us@ the O'LearyjohnsonLim model for interband transitions in
disordered materialgl44]. The optical bandgaps were determinedbi® at 288nm for
T251 and 280nm for T252. The bandgap difference tfoe two structures is

approximately 0.23 eV.
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Figure 52: Transmission spectra of sample (a) T251 and (B)252. Solid curves are the experimental
data, and dotted ones arsimulations.
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The photoluminescence spectra of the MQWSs at room temperatusb@ave in
Figure 53. From theseobservations, thePL transitions are 280nm and73nm
respectively. The maximum Pintensity is slighty blueshifted in comparison tthe
transmittance edge. This blue shift can be explained bypti@oexcited carrier

screening effect caused by theth&xcitationpower.
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Figure 53: PL spectra of MQW samples with an excitation by the 5th harmonic (213nm)f a mode
locked Nd:YAG laser.

To compare thd’L measurements to the theoretical values, the @¥sition
energieswere extracted from envelope fition calculations[145]. In this model, both
piezcelectric field and exciton bding energy are included.h& calculated variation of
PL transition versupiezeelectrical fieldis shown in Figure 54For comparison, the
measured bandgaps from both PL armchnsmission of samples T251 ari®52
(horizontal lines) are plottedh ithe samdigure. A good fit between the simulation and
measurements is obtained for tfield value of 900 and 930 kV/cm, respectively. S.
Marcinkeviciuset al. [145] reported similarvalues of electridield for AIGaN MQW.
However, these numbers are much smaller tthen dectric field obtained from the

theoretical calculations. Thidifference has been reported by several autfiels, 146]
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and has beemttributed to theuncertainty ® the theoretical calculationbecause of

strains, spatially localized excitastates, ormpurities in investigated materials.

208 ————r—7—r—7—
2964 ... 44% (sample 251)

294 4 0, -

2021 —— 48% (sample 252)
290 Transmission__-*"
288 =

L
286 4

284 ]

282 PL ..

280 & 7 .
278 Transmission
276 .

274 ] et PL

2723
270 3
268 3
266
264 4

Optical transition wavelength (nm)

ll) ) 2EIU ) 4-50 ) G(I.‘IU ) SEHJ ) 10lUD ) 12IC|0

Electrical field (kV/cm)
Figure 54: PL transmission wavelengthplotted as a function of piezelectrical field in the MQWs.
Dotted line corresponds to ample T251, and solid one to sample T252. Horizontal lines present
transmission bandgap positions for both samples.

In conclusion, the preliminary results achieved using AlGaN/AIN MQakks
summarized in this section. The obtained results showpdissibilty to grow high

quality AlGaN/AIN MQW structure. ThisAIGaN/AIN MQW is a good candidate for the

activeregion of a VCSEldevice operating in the UV range.

4.4 Boron gallium nitrides materials
4.4.1 MOVPE BGaN growth

Despite their attractive properties,orbnbased materials have ndbeen
intensivelystudied in comparison to AlGaN alloys. Thisnsinly explained by the fact
that thegrowth of highquality material is generally hampered by phase separation and
spinodaldecomposition issues, also referred'tnstable mixing region'Therefore, the
growth of high structural and morphological qualBgGaN alloys remainsowadays

challenging. Figureb5 presents the number gfublications peryear concerning the
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different nitride alloys. The figure illustratébe weak interest of the nitride scientific
community forboron-based materials research aamparison to conventional AlGaN,

InGaN, and ta lesser extent AllnN materialsource: Web o$cience).
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Figure 55: Number of publications for the different ternaries in the nitride system (surce: Web of
science).

Toward ths study, a series of Ba.xN films with a wurtzite structure and
different solidphase boron composition wegeownon caxis oriented 08m thick AIN
on sapphire templatsubstrates. The tymal thickness of the grown BGabhhyers,
deducedrom in-situ laser reflectometry measurements, was approximatelym6dhe
AIN template enables the optical characterization of BQalers, which would
otherwise experience an overlap with the bandgaplatice parameters of conventional
GaN/sapphire substrates. Whieicreasing the boron ctent, the RGa.«xN growth rate
remains nearly constant around 1200nm/h, as the growth daenisated by the djaum

flow.
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Figure 56illustrates the relationship betwedme boron contenin ByGa.xN in

TEEB
solid phase and the rataf 7 EB+TMGa in gas phase. The B contentBfGa.N

epilayersat the given ratio in gas phadeviatedfrom the linear dependance (y=x). This
linear line represents tineaximumincorporation efficiency of 10% to form B(Ga.xN in

solid phase with nprereaction in gas phase.
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Figure 56: Boron incorporation of B,Ga;«N in solid phase versus TEBRTEB+TMGa) ratio in gas
phase.

To evaluate the borodistribution along the growth direction, SIM®alysis was
carriedout on a BGaN film grown on GaN templafehe concentration of boron and
gallium as afunction of the layer deptis shown in Figure 57The profile of boron
concerration is constant ithe BGaNlayers, indicating amxcellent distribution of the
boron along the growth. The abrupbp of boron profile corresponds to the BGaN/GaN
interface. Theshift-phase variation oboron profile with respect to galliumnderlines

that the boon elemehsets well in the Gaite.
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Figure 57: SIMS profile of a BGaN layer grown on GaN substrate.

4.4.2Morphological and structural characterizations

A 2d-¥ scan ofaBGaN film for symmetric reflection is showin Fig. 58a. The angular
separation between thivo peaks corresponds tiie outof-plane lattice mismatch
betweenthe BGaN layer and AIN template. Themeasured RSMs for the (11.4)
asymmetric refletion is srown in Figure58o. RSMsare dominated by ¢hBGaN and
AIN peaks, which areffset in thehorizontal direction, with the shift corresponding to
the degree ofelaxation.That suggests a fully relaxed BGaN layer with respe&lib
The aerage basn contenin the ternary BGaNilms was calculatedising Vegard'saw

[27] and varies betweendhd 1.Px.
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Figure 58: (a) XRD 2d-¥ scans and (b) lowresolution RSM for (11.4) reflection for BGaN films.
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Figure 59presents AFM images of the surfacetloé B,Ga.«N materials for @b,
0.3%, 1.1%, and 1.36 of boron contentThe images show that the BGaN surface exhibits
a 3D morphology. The rootmean squargoughness of the surface for thifferent
samples dereases from 14 to 4nm as thec@ntent in BGaNncreases. The roughness
will be taken into consideration in tHellowing study related to the calculation of the

BGaN opticalpropeties througrellipsometry.

(©) (d)

Figure 59: 3D AFM imagesof BGaN films grown on AIN templates withdifferent boron content (a)
0%, (b) 0.3%, (c) 1.1%, and (d) 1.3%.

Figure60apresents a HAADFSTEM image of a BGaNilm containing0.7% of
boron. HAADF was used to take advantagets sensitivity to thdocal atomic number
of the atoms. Foclarity, GaN template substrateybr has beemarked on the figured

columnar structure is observed in the figure. Each column corgfists gain of
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approximatelylOOnm width. The lateral size of the gramsasured orhis sample is in
good agreememtith AFM measurementgonfirming the 3D growth. The contrast of the
BGaN layer isrelatively homogeneous and comparable to the GaN layer, sugpes
compositionainhomogeneity in the layer. Nevertheless, cless perpendicular to the
growth direction are observed on tkatire width. To investiga the nature of these
defects,atomicresolution HAADF images have been realized onBhg)Gag.god\ layer
(Figure 60g. As observed n the Fourier transform patteigiven in Figure60b, the
different spots correspond to teeperposition of both ZinBlende and wurtzite patterns.
By selecting the cubic phaseflections and then applying an ingeFourier transform,
the original image was +feonstructed. Thebtainedimageis highlighted in Figuré0c
and itonly shows the contribution of the ZB phase. The ZB structimsertions were
found tobe from a few monolayers to two monolayéngk, which correspondo the

elementaryABC atomic stackingharacteristic of the cubic phase.

(a) (b) | (c)

Figure 60: (a) HAADF STEM picture of a 400nm thick BGaN layer containing 0.26 of boron. The
zone axis is <1420>. (b) 2D Fourier transform pattern of the HAADF -STEM image. The wurtzite
reflections and the Zinc-blende one are present. The specific 111 ZB is circleth red. (c) The BGaN
layer image reconstructed by mean of invers€ourier transform evidences Zineblende insertions in
the BGaN material.

The B o1/lGa.es3N layer wasanalyzedusing a similarprocedure. The HAADF

STEM image, shown in Figur6l, presents a columnarowth of the materialThe
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lateral size of the columns is 100nm. The lateral size ofthi@s was alsoonfirmed by

the surface measuremepisformed byAFM.

Figure 61: HAADF STEM picture of a thick BGaN layer containing 1.7% of boron.

In addition to the columnar growth that has already been observedaton
content of0.7%, the By 01/G&.9sd\ Sample containeumerous nansized clisters Figure
623 which presents a HAADISTEM imagedepicts one isolated naisized cluster. The
clusters distributionis uniform in densityalong the growth direction. They are
homogeneous in size, with a mean lateral sfze 3anm. Thedensity of clsters las been
estimated to be fpm™. Consequently, the ratio of the volume occupied by the clusters
overthe total crystalolume representapproximately5%. The individualstrucural and
chemical nature of thelusters was investigated bhyeans of HAADFSTEM and

Energydispersive Xray spectroscopy (EDX)xs illustrated in Figuré2.
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Figure 62: (a) HAADF STEM picture of a single cluster in a1000nm thick BGaN layer containing
1.7 of boron. The zone axis is11-20>. (b) Diffraction pattern of the image. Wurtzite pattern and
Zinc-blende are present. (c) Inverse Fourriertransform image realized with the specific wurzite
spots 1100 and 1R0. (d) InverseFourrier t ransform picture obtained with the cubic -1-11 and 220
spots.

Direct Fourier transform was apgdl to the image to reveal theflections of the
crystalstructure. Results are shown in Figéth Both wurtzite and Zineblendephase
patterns were identified. It is important to note that Hiec-blende insertions and
clusters are coherent with tlserrounding wurtzite matrix. Ifiact, the 111 reflection of
the cubic phase is perfectly ghed with the 0002 refection @furtzite hexagonal phase

along the growth axis. Figured2c and 62d were reconstructed by singling out the



specific wurtzite andzZinc-blende reflections. Thégures represent the contributions of
the wurtzite and the Zindlende phasesespectively. Theontributiors are materialized

on each picture by the brighter aredge concluded that the clusters were composed by
ZB-BGaN, coheretly embalded in the WBGaN material.

The dark contrast detected by HAADF STEM on the cubic clusteserved in
Figure62g suggests thdhelocal equivalent atomic numbéZ) changes dramatically to
lower values. That wad be consonant with high boramcorporation in théattice. EDX
analysis was then used to clarify the origin of HRADF contrast. As no particular
impurities (O, C, nor Si) thatould be responsible dhe HAADF dark contrast were
detected. Theontrast wa attributed to the presenof boron. In fact, thidight element
cannot be detected by EDX. The composition afsarward estimated by measuring the
gallium and considering thstoichiometry betweethe Il and V elements. Within the
accuracy othis methal, the compsition wasapproximately20 2% of boron insidehe

cubic clusters.

4.4.30ptical properties investigation of BGaN materials

The optical properties of BGaN films are investigated in fibllowing study. The
properties include the complex refractive inddspersion ad the bandgapowing
parameter calculation.

Figure 63depicts the photoluminescence sigraflshe BGaNfilms considered in
this study, compared to a pure Gadference (black curve). THaminescence of the
Bo.oo/Ga.99dN layer occurred at 366nm (red ga) andconfirmed a reeshift compared to
GaN at 362nm. This reshift illustrates a decrease tfie bandgap, which is in good
agreementith previous wor33]. The low PL intensitypbserved for th&g 0o/Ga& 993\
layer peak (2*1®versusl.5*10" for GaN)canbe explained by the presencenoinerous

stacking falts that were identified in thenatrix [147]. Increasing the boron content to
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1.7 caused thduminescence intensity to vanish. This is likely caubgdadditional

defects in the lattice.
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Figure 63: Photoluminescence spectra of BGaN/GaN samples used for this study.

To confirm the reeshift tendency observed in the PL measuremenpsical
spectroscopyvas used to investigate the bandgap variatiothe different BGaN films
with boroncontent from0 to 1.%4. Absorbance spectid(a) have been calculated from

transmission anteflection data, as shown in Equatibn

1., 1—R(A

N ), (47)

where d is the BGaN thickness.

The extrapddtion of the linear section &f to zeroabsorption corresponds toe
optical bandgams illustrated irFigure64.

The determined bandgap values do not support the interpolateddepardence
between the bandgaps of@aN and wBN and can be onlynderstood by adding a
bowingparameter energy. The calcula&xperimentabandgap valuesonfirm a strong
energybowing parameterof BGaN ternary system with b=8V [148] which is

comparable to experimental and theoretical reported ref38ts149] The accurate
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knowledge of this parameter is very important for bandgapneering of optoel&onic

devices based on BGaN, and algalating the IHN-match software parameters.
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Figure 64: Absorbance spectra of the BGa, 4N films for the different samples.

The complex refraove index of the BGaN films immeasured usingjauc Lorentz
dispersionmodel. This model has been proved to beeay efficient model when
interpreting the spectroscopétlipsometry spectrfl50, 151] We have also dealt with
effective mediumtheories such as thBruggeman approximatiofil52] to take into
consideration theneasuredurface roughness byFM (Figure 59.

Note that the thickness of the BGaN layers is largely higher tharcritical
thickness aghe growth was performed on AIN templat&ghile this may rise some
concerns with the morphological asttuctural film quality, such thick layer is required
to observesufficient interferace fringes on the reflectivigndellipsometric spectra.

The investigated refractive indexes are derived from astepapproach. First,
the refractive index dispersion model is edtedby fitting the ellipsometric data by
minimizing the mean squargror @) using tfe Levenbergviarquadt algorithmindeed,
minimizing & leads to the best fit between the experimertiipsometric/reflectance

spectra and the data calculated from pig/sical modeldescribed as a fivphase
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(Al,O4/AIN/BGaN/Surface roughness/air) systeBecond, theobtained index model is
smoothed and slightly corrected to fit theterference fringes of the experimental
reflectance spectraFigures 65 and 66 presentthe experimental and calculated

ellipsometric data (Ic and Is) atliereflectance data (R) at different wavelengths.
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Figure 65: Comparison between measured (dotted lines) and calculated (solid lines) ellipsometric
spectra (Is and Ic) for different boronincorporations.
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Figure 66: Comparison between measured (dotted lines) and calculated (solid lines) reflectance
spectra for different boron incorporations.

The good agreement between calculated (solid lines) and experin(eoitad
lines) spectra andhe reasonable clsiquare value indicatihat the assumed model and
theobtained optical results areliable.

Figure 67presents the resulting refractivelexes anextinction coefficients data
for BGaN films fordifferent boron incorporationgt is obsrved that the refractive index
contrast between GaN amGaN is very high inthe range of €1.3% boron content.
Indeed, byadding only 1% of boron in the BGaMayer, the BGaN/GaN multilayer
structure has a refractive indexntast of more tha®.1. Thecontrast is equivalent to
that of AlGaN/GaN with Al=2%, based orAlGaN refractive index data reported by
Brunneret al. [5]. The obtained large refractive indeariation as a function of boron
composition canenable thedevelopment of highly reflective OB with a minimum

number of periods. Consequently, with the BGaN/GaN system, a fewer number of



periods is needed tachieve highly reflective DBRs in comparison ¢onventional

AlGaN/GaN DBRs.
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Figure 67: (a) Refractive index and (b) extinction coefficieh of B,Gay«N film for different boron

content.

Additionally, the lattice mismatch between BGa odN and GaN is only0.2%.
Consequently, the crystalline quality of tepitaxial materials for DBR should ndting

about the issue afracking problems asdated with AlGaNbased mirrorsTherefore,
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the nearlylatticematched structure can enable the growth lmba-quality active region.
These unique properties can be very interesting for researctiezetbpment of novel
semiconductor DBR with simultanasly highreflectivity and good structal quality.

BGaNbased DBRs will belevebped in Chapter.5

4.5 novel Boron aluminum nitride materials
4.5.1MOVPE BAIN growth
As mentioned in the previous chapters, BAIN is a novel materiabalydone study has
explored its refractive indej¢]. Indeed, an accurateowledge of theptical properties
is essential for DBR and laser design. Tki®wledge is derived from a systematically
grown series of samplés which the TEB/llimolar ratio in the vapor phase svaaried
between @ and 726. The typical thicknessf the grown BAINlayers, deduced from-n
situ laser reflectometry measurements, sygsroximately 150nm.

Depth concentration profiles for Al, B, and N were measured by SK4S,
illustrated in Figure68. The SIMS profileexhibits a uniform borodistribution along the
growth direction,while the Al concatration varies amfphase withboron. This is an

indication that the mixing of Al and B atoms occurs onghielattice of Il sites to form

an alloy.
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Figure 68: SIMS elemental concentration depth profiles for the B, Al, and N signals for the BAIN
layers on AIN template substrates.



4.52 Surface morphology and structural characerizations
In this section, the surface morphology of the BAIN layers growlbhtemplates is
investigated through AFM and SEM. The samples wewestigated first with SEM

measurements, as shown in Figaée

Wo = 80mm Signal A = SE2 : WO = 58 mm Signal A = SE2

WO = 68mm Signel & = SE2

(¢) (d)

Figure 69: SEM images of the BAIN films grown on AIN templateswith different boron content (a)
0%, (b) 3.%%, (c) 2%, and (d) 28%.

Lots of small unshaped grains in different sizes can be observibe IBAIN
SEM images. Despite a strong similarity between diféeerent BAIN films, the grains
size anddensity increase when thmron content increases. In fact, the highesbb

content filmexhibits more distant and bigger grains than the other films.
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In Figure70, 3D AFM images exhibit the surfaceorphologies othe different
BAIN films for different boroncontent. Tle measured RMS of the differeseamples is

approximatelytnm, which is comparable to the BGaN films.

(¢) (d)

Figure 70: Atomic force microscopy of the BAIN films grown onAIN templates with different boron
content (a) ®, (b) 3.9%, (c) 26%, (d) 28%.

To investigate the structural characterization and evaluatstba content, XRD
measuements were afterwargderformed on thaifferent BAIN layers. However, the
XRD scans did not exhibit an)XRD peak relatdd to the BAIN layers. The BAIN
structural characterization will be further investigated in Chapter 5 throRgiman

spectroscopy and electron diffraction pattern.
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4.5.3Boron incorporation analysis using XPS and EDX

The absence of BAIN peak in the XRD scans prevents an accoeatgure of the solid
phase composition in the BAIN alloySherefore, additional analysiscteniques were
required to measutbe boron content, such as XPS and EDX.

In a first approximation, the boron content was investigated UsD¥ in a
BAIN/AIN superlattice with a TEB/III ratio of 38 in the BAIN layers. In fact, although
the lightboron eémentcould notbe detected by EDX, the compéisn was estimated by
measuringthe aluminum and considering the stoichiometry between the Il and V
elements. Withirthe accuracy of this method, the boron composities calculated with
2-3% percenterror.

Toward this goal, the first AIN layer was used as a referehberefore, the
stoichiometryratio of this first AIN wasused asa refeence for the Al/N ratio in the
BAIN ternaries. Consequentlysing the BAIN stoichimetry, the boron content can be
extracted ifwe consider that the IlI/V ratio in solid phase is equal tBxperimentally, a
series of 6 points in the AIN reference have bieshselected, aslustrated in Figurerl.
The same measurements werfterward performed on the following BAIN andlIN
layers. A strong lack odluminumin the BAIN layers was observed, suggesting a BAIN
alloy. This approach estimated the boron content to be equal28%2#vith a standard

deviation of 3.
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Figure 71: EDX analysis on the BAIN/AIN superlattice.

Then,the behavior of boron incorporation into AIN has been stubieth-deph
X-ray photoelectron spectroscopy in the different BAIdamples. n fact, the
characteristic peakor the Bls core level at88 eV could be deteateby XPS. The
guantification ofthe different atomic level such as B, Al, and N in the film veatimated
using relativesensitivity factors for the usedstrument. Theool took into consideration
both thetransmission function of th&pectrometer and the-bay cross section.

Figure 72 illustrates the photoelectrapectra of BAINsamples in the range 0
120CV. The Xxaxis energiesvereadjusted by the incident-Kay energy. The adjustment
took into consideration the refttion of the binding energy dhe detected corshell
electron. Seval main peaks associated to thiferent elemats indicative of the Al2p,

B1ls, and N1s core enertpvels were observed.
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Figure 72: An illustrative over electron-binding energies characteristics of core shell energy levels of
the different elements preent in the BAIN sample.

A careful indepth examination of the peak position and shape dikes

evolution as dunction of the thickness (referred as smutter time). Foinstance, the

Blsrelated XPSoeak is observedt 190eV in Figure73. The Blspeak is very close to

the binding energy of boron in BN, which is equal to-189 eV. Thdigure presents the

evolution of the boron concentration asfunction of the thickness, enabling the

determination of the boratomposition in the solid phase.
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Figure 74 presents the XPS atomioncentration depthprofiles of a highboron
content BAIN film (726 of TEB/Ill in the gas phase). Thevdution of the different
species present in the film as a function of the sputter tinitussrated. At 67 min
sputter depth, the Al signal from the BAlllyer increasg while the B signal decreases,
suggesting thenterface baween the BAIN film and ta AIN template. The XP$-depth
composition study shows good homogeneity of thmroncontent in the film. The depth
profile study also shows that tlieickness of thegrown BAIN layers is approximately
150nm. Themeasure takes into account ttedibraed sputtering speed for suahoys.
This estimé&e of the thickness of the BAINayer agrees veryvell with that inferred
earlier from insitu measurements.

Additionally, taking into consideration the atomic concentratiotheflll and V
elements, the bon content in the solid phase westimate to be 4%. Surprisingly, the
boron surface compositiomas estimated at a particularly high value in comparison to the

TEB/III ratio. That suggests a 8&efficiency of the boromncorporation.

100

—_ —C1s
=X —O1s
= 80- A2p
= —— N1s
= B1s
= 604 —— Ga2p3 1
S
P
S 40- ]
©)
=
g 204 X 1
=]
N
2 T

0 T T 1

5 10

Sputter time (min)

Figure 74: XPS gutter depth profiles of a BAIN film grown on AIN template.
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By processing similarly the other BAIN samples, the barompositions in the
solid phase are summarized in TalBlas a funabn of TEB/III ratio in thegas phase. The

demonstrated values wereagreement with previouslculation using EDX technique.

Table 7: Boron content in the BAIN solid phase as a function of the TEB/IlI ratio in the gas phase.

TEB/IlI ratio 0% 5% 38% 55% 71%

Boron content in the solid phas¢ 0% 3.5% 26% 35% 47%

4.5.40ptical properties investigation of BAIN materials

The BAIN optical properties investigation is undifferentiated fribvat in the previous
BGaN study (cf Sectiod.4.3. Similarly to BGaN, the accuratgetermination of the
optical properties of BAIN films igsundamental. It is required tobtain the optimal
thickness of théayers in the DBR striare and calculate the requiradmber ofperiods
to achieve a certain reflectivity. In fact, tle#lipsometric spectra aranalyzed using
DeltaPsi2 software t@xtract the eperimental values of refractivimdex and optical
bandgap. The thickness of the deposited BAIN films was chosegivéoa sufficient
number of interference fringes, whichmakes the modelisation mucheasier. The
thicknesses were accuratalgternined beforehand through-gitu reflectometry to get
good accuracy of the different parameters listed above. Figibepresents the
experimental and calculateld and Is atdifferent wavelengths for different BAIN

samples.
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Figure 75: Comparison between tle measured (dotted lines) and the calculated (solid lines)
ellipsometric spectra (Is and Ic) for different boron incorporations.

The excellent agreement between the calculated (solid linesgxgetimental
(dottedlines) spectra indicates that the assam®deland the olined refractive index
data areeliable. FigureZ6 presents the resulting refractive index datathe BAIN films
as derived from the ellipsometry fit. The Plarameters used to draw tledractive index
curves are summarized Table8. E; (eV) is the opticabandgap, E(eV) is energy of
the absorption peak, C (eV@presents the broadening term associated to the absorption
peak, A(eV) is the oscillatostrength which is originally linked tdensity of mateal,

and(} (dimensionleskis the highenergy dielectric function.



Table 8: Summary of the different Tauc Lorentz parameters extractedrom the fit.

[

TEB/III (%) Eq = C A v
0 6.28 7.72 0.22 440.5 1.99
5 6.06 7.03 0.21 521.58 2.14
38 5.80 6.54 0.22 596.21 2.24
55 5.68 6.06 0.25 792.95 2.60
71 5.62 6.63 0.18 240 2.30
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Figure 76: Refractive index versus wavelength of A\l 4N for different samples.

As expected, the refractive index contrast between BAIN layeAiMdemplate
increases with the TEB/III ratio, and théNArefractiveindex is in excellent agreement
with the previouslyreported data [5]. At 300nm, tH&AIN/AIN structure grown for a
TEB/IlI ratio of 71% can achieve a refractivedex contrastpnof more than 0.25. The

achieved contrass higher than in AlsGa sN/AIN structure based on AlGalfractive

Wavelength (nm)

index data reported Brunneret al.[5].
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As a result of the high refractive index contrast and the B#fsisparency,
improvedDBRs based oBAIN/AIN structures with highreflectivity can be theoretically
achieved in the deepV region. Additionally, using BAIN/AIN structure, 20 periods are
needed tachieve 9% reflectivity and largebandwidth DBR. In contrast tinese boron
basedDBRs, convational AlIGaN/AIN DBRs need more tha&3D pairs to achieve the
same reflectivity. The theoretical resultand the comparison teeen the different

systems weralreadypresated in Chapter.3



CHAPTER 5
STUDY AND OPTIMIZATIO N OF GROWTH CONDITIO NS FOR
(B)AL GAN-BASED DBRS

5.1 Near-UV Nitride distributed Bragg reflectors

Until now, Al,Ga.xN/AlyGa,.yN and Al,In;xN/Al,Ga,.yN have been the only nitrice
basedDBRs available to operate the UV range. However, because of themerous
issues mentioned in the preus chapters, these systerage not adequate for VCSEL
applications. Consequently, annovative DBR design using a new nitride material
system based on boron, whiclan provide simultaneously high reflectivity and high
structuralquality, is proposed. Heseboronbased DBR structures are motivateylthe
denonstrated high refractive indesontrast induced by thigoron incorporation reported
in Chapter 4. This large refractivedex contrast is combined with a low lattice mismatch

in the BGaNand strongransparency in the BAIN layers.

5.1.1 AlGaN/GaN DBRs

First, AlIGaN/GaN DBR structur® were investigatetb validate ouisimulation software
and confirm the difficulty in achieving highlyreflective stuctures with these
conventionalmaterials. Threeand six-pair Al 16Ga sdN/GaN Bragg mirrors have been
grownaiming a 400nm as a central wavelength. The growth was perforni@WPrE
on GaN template. During the DBR runs, the AlIGaN &aN layerswere deposited at
1000°C and at 100 torr pressure udigcartier gas. To preventracking, the number of
periods wadimited by the critial thickness. Consequently, thember ofperiods did not
exceed six periods. The GaN and AlGalN/ lyers are 39nm and 40nm thick,

respectivelyThe total DBR thickness is approximately 520nm.
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High-resolution Xray diffraction 2d-¥y-scans of thethree and sixpair
GaN/AlGaN DBRs are shown in Figuré7. The distinguishednterference fringes
indicatesmooth surfaces and interfaces of the GaN/AlGaN BB&ctures. Additionally,
an excellent agreement betweexperimental and simulatethta, suggesting a perfect
periodicity, was observed. Usg the XRD simulation softwarghe Al content was
deduced tobe 186, and the calculated thicknesses confirmed éxpected ones.

Consequently, the measured growth rates usirgjtunreflectometry wereeliable and

allowed an accurate control of tHdferent thicknesses.
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Figure 77: XRD 2d-¥ scans for AlGaN/AIN DBRs (a)three periods and (b) six periods. Red and blue
curves correspond toexperimental and simulated data, respectively.
As observed by Normarski microscopy, the surface morphologies gfadin
AlGaN/GaN DBR structures are aok free. AFM measurements shawtypical 2D
morphology with clear terraces. The measured RMS wapproximately 0.6nm.

Numerous Wpits with important density and sizeere also observed and are shown in

Figure78.
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Figure 78: AFM image showing a good surdice morplology of a sixpair Alg1GagsdN/GaN DBR.

Furthermore, the surface morphologies of the thaee sixpair Bragg reflectors
wereinvestigated by SEM. The confirmation of Z2Jbowth andthe high size and density
of V defects are depicted Figure79. The \tdefects in theig-pair DBR are much larger
than those in the thrgmir structure. Thisdifference confirms the difficulty of
developing DBR structures with high nunber of periods to achieve @Oreflectivity.

Using thismaterial system, mortan 60 periods are needed to reach seftéctivity.

(a) (b)

Figure 79: SEM images showing different DBR surfacenorphologies of (a) three and (b) six periods.
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