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SUMMARY  

 

One of the key advances in photonic technology in recent decades was the 

development of a new type of diode lasers emitting in the visible and infrared region. 

These vertical cavity surface-emitting lasers (VCSELs) emerged from a laboratory 

curiosity in 1977 [13] to an object of industrial mass production [14] and are currently 

used in many applications. The applications include communication, printing, and 

absorption spectroscopy [15]. Their rise in credibility has largely been motivated by the 

rapid evolution of their performance, the more sweeping recognition of their 

compatibility with low-cost wafer-scale fabrication, and their possible formation into 

specific arrays with no change in the fabrication procedure. 

Various applications such as advanced chemical sensors and high-density optical 

storage require coherent and small-size ultraviolet-emitting devices (below 400nm). 

Therefore, to extend the VCSEL emission to the ultraviolet (UV) region, intensive efforts 

have been made in the VCSEL technology. However, the achievement of such UV 

VCSEL is very challenging because of the various limitations and issues. The issues 

noticeably include the carrier injection, optical confinement, and highly reflective 

distributed Bragg reflectors (DBR) structures with a broad bandwidth operating in the 

UV region [16]. In this context, motivated by the reported large refractive index induced 

by boron incorporation [7], we propose to introduce the boron-based material systems 

(BAlGaN) as an innovative solution to address some of the encountered difficulties. 

The objective of the proposed research is to investigate and optimize new wide-

bandgap BAlGaN material systems and illustrate their incorporation into the building 

blocks of vertical cavity surface-emitting laser structures for operation in the UV spectral 

range (ɚ<400nm). 

Toward this goal, we have focused our research activities in three main directions. 

The first direction is devoted to the simulation of DBRs reflectivity by taking into 
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consideration the experimental refractive indexes. Once the materials needed in the 

different components of the VCSEL are well defined, the second direction lies in the 

achievement of growth conditions optimization and characterization of the new wide-

bandgap BAlGaN material systems. The study has led to the structural and morphological 

quality improvement of (B,Al,Ga)N materials. Unique optical properties of the BGaN 

and BAlN materials were also demonstrated. Upon demonstrating the materials' 

promising optical characteristics, the final direction consists of the epitaxial growth and 

characterization of the highly reflective DBRs and active region of the UV VCSEL 

structure. 

 



 

1 

CHAPTER 1 

INTRODUCTION  

 

1.1 Motivation and applications of UV VCSELs 

The context of this project falls in the wide range of potential applications of UV light 

sources, some of which are already available as commercial products in our everyday 

lives, while others are still under extensive research and development. 

One major application of UV sources is high-density optical storage systems that 

would benefit from the short wavelength of compact UV sources. In fact, the recording 

density is inversely proportional to the wavelength squared [17]. UV sources can destroy 

bacteria and viruses making these sources useful for sterilization, water and air 

purification, and environmental problems [18]. These sources can also be of paramount 

importance for optical imaging systems ranging from sophisticated astronomical 

telescopes to household cameras and security systems. Furthermore, UV sources are 

required for some medical applications like eye surgery, light therapy (exposure to UV 

light 300-320nm), and UV radiations to reduce inflammatory responses. UV sources 

cover additional fields, such as advanced biological and chemical sensors, laser 

lithography, and white-light generation. Finally, the covert communication systems can 

use UV light rather than radio waves as a medium for communication; the transmitted 

UV light may contain both voice information and other data [19]. Examples of the 

important applications mentioned earlier are shown in Figure 1. 

To date, most of UV light sources are gas sources, which include excimer lasers 

and mercury lamps. However, these sources present few limitations related to their low 

level of performance, low reliability, significant size, and mainly 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 solid-state light-emitting 

devices make them ideal for various applications. Light-emitting devices are highly 

efficient, cheap, reliable, and harmless to the environment. Moreover, the emission 

wavelength can be tuned by changing the semiconductor composition. As a matter of 

fact, UV semiconductor light sources are of great technological interest in our every-day 

lif e. Figure 2 presents the three major configurations for light-emitting devices, including 

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

 

Figure 2: Three typical structures of light-emitting devices: (a) light-emitting diodes (300 µm long), 

(b) edge-emitting laser (300 µm long), and (c) vertical cavity surface-emitting laser (5 µm long). 

 

The primary advantage of LEDs is that they are much cheaper than lasers, 

because of a much simpler processing. However, LEDs present several drawbacks, 

including the wide angle of emission and the large spectral distribution [20]. In contrast 
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to LEDs, lasers present a more precise spectrum incurring less chromatic dispersion and 

provide more intensity. 

Among semiconductor laser devices, VCSELs are undoubtedly one of the more 

sophisticated configurations. VCSELs have attracted tremendous interest over the past 

few years as they present advantages over edge-emitting lasers. The advantages consist of 

a high-output optical power and a thin cavity. The last feature makes VCSELs less prone 

to dislocations than edge-emitting lasers, hence, leading to higher-quality structures. 

Additionally, since on-wafer testing prior to dicing and packaging can be carried out with 

VCSELs, the cost of production is much lower than that of edge-emitting lasers. Finally, 

the compact size of VCSELs yields more devices per wafer. 

 

1.2 Overview of the fundamental properties of III-N materials 

Toward the development of VCSEL devices emitting in the UV spectrum, III -nitrides 

(also known as nitrides or III-N) are undoubtedly the most adapted materials with 

emission wavelengths going as low as 200 nm. In fact, depending on the alloy 

composition, nitride materials with bandgap spanning from infrared through visible to 

UV wavelengths can be demonstrated [21, 22, 23]. A map of the different binaries 

forming the III-N materials system and their ternaries and quaternaries is shown in Figure 

3. It is observed that as we move along the lines linking the different binaries, a very 

wide spectral range is covered. The most used technique to grow nitride materials is 

metalorganic vapor-phase epitaxy (MOVPE). 
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Figure 3: Bandgap energy versus in-plane lattice parameter diagram for III -N materials. 

 

In contrast to II-VI ZnCdSSe systems, which can also achieve these wavelengths 

[24], III -nitride alloys represent a very special class of materials with unique properties. 

In fact, these materials present several remarkable chemical and physical properties 

making them particularly attractive and suitable for reliable applications. In addition to 

the bandgap flexibility mentioned earlier, nitride materials exhibit interesting thermal 

conductivity and fairly high bond strengths which could improve the device reliability 

[25]. The nitrides are also resistant to chemical etching enabling III-N based devices to 

operate under hostile environments [26]. Additionally, among the III-V conventional 

semiconductors, III -Nitrides are the only systems showing a built-in electric polarization 

referred as "spontaneous polarization". This polarization is very important in several 

optoelectronic applications such as lasers and also other devices as High electron 

mobility transistors (HEMT). 

Driven by the paramount interest in reliable electronic and optoelectronic device 

applications, III-N alloys were intensively investigated. Taking advantage of their unique 

material characteristics, the objective is to push the limits beyond the ability of 

conventional devices. These alloys were not only suitable for light-emitting sources but 

also for solar cells and photodetectors. Additionally, because of their robustness, they are 
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candidates for high-temperature, high power, and high frequency electronic applications 

such as transistors or thyristors. 

Despite their unique intrinsic properties and the performed intense research efforts 

worldwide on nitride materials and devices, the progress of the research on nitride 

devices is still hampered by several technical limitations. The following sections tend to 

review the intrinsic properties of the III-N materials and give a short overview of the 

different issues they might suffer from. 

 

1.2.1 Structural properties 

Group III-nitrides can be categorized into two allotropes: cubic and hexagonal. In fact 

AlN, GaN, InN, and their alloys can crystallize in both hexagonal wurtzite (Ŭ-phase) and 

zinc-blende (ɓ-phase) prototypes. However, the nitride alloys wurtzite crystal system is 

energetically and thermodynamically favored over cubic (zinc-blende) structure which 

could exist by forcing the film to grow on {001} crystal planes of cubic substrates. It is 

important to note that the coexistence of zinc-blende (ZB) and wurtzite (W) crystal 

structures is possible as they slightly differ in the stacking sequence. This crystal mixture 

results on stacking faults in the grown films, as will be shown in the BGaN structural 

study in Chapter 4. 

Cubic-phase structure alloys will not be discussed further in this report as the vast 

majority of research on nitride alloys focused on the stable hexagonal form. Additionally, 

all samples in this study were grown under conditions conductive to wurtzite structures. 

GaN, AlN, BN, and InN have direct room temperature bandgaps of 3.4 eV, 6.2 

eV, 5.5 eV, and 0.7 eV, respectively. This direct bandgap is especially fortuitous as it 

allows high quantum efficiency light emitters to be fabricated using nitride materials. 

The primitive unit cell of hexagonal wurtzite system is a parallelepiped with a 

basis of four atoms. Each atom of the structure can be seen as surrounded by the four 

nearest neighboring atoms forming tetrahedron bounding. The four nearest atomic 
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neighbors of the other type are located at the four corners of the tetrahedron, as illustrated 

in Figure 4a. These planes consist of two embedded hexagonal ABABAB, where "A" 

represents the first cubic lattice (FCC) composed by III elements and "B" represents the 

second FCC lattice referring to N elements. Each atom in the hexagonal structure can be 

described by a set of vectors: 

    R = n1a1 + n2a2 + n3c ,    (1) 

where a1, a2, and c are the lattice vectors, and n1, n2, and n3 are integers. 

To identify the planes and orientations in the hexagonal system, four indexes are 

normally used, referred as the millers indexes (hkil). As shown in Figure 4b, the three 

basis vectors have an angle of 120°. Consequently, i can be omitted and the millers 

indexes will be written (hkl). 

  

 

(a) (b)  

Figure 4: (a) III -N wurtzite structures. (b) Bravais Millers index systems. 

 

In the hexagonal phase, the plane distance is depicted by Equation 2: 

 

whereas hkl are the miller indexes, and a and c are the in- and out of plane lattice 

parameters. These parameters are the height of hexagonal (c) and the edge length of 

basal-plane hexagonal (a), as shown in Figure 4a. In an ideal wurtzite structure, the c/a 
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ratio is 1.6633, which is quite close from III -N binaries c/a ratio. The lattice parameters 

are summarized in Table 1. 

 

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

Parameters GaN AlN BN InN 

a (Å) 3.189 3.122 2.55 3.548 

c (Å) 5.185 4.982 4.17 5.718 

c/a 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 predicted by Vegard's law 

[27] using the composition-weighted average of the different binaries forming the alloy. 

The lattice parameters can be expressed by the following equation: 

 

In comparison to other group III-V compound semiconductors such as InP and 

GaAs, the nitride alloys have a group of III-nitrogen covalent bond with very strong 

chemical bonds. This feature is the origin of some useful properties of nitride materials. 

This is caused by the large difference in electronegativity between the different III 

elements and nitrogen (Table 2) atoms and the small size of the N atom. In fact, in the III-

N configuration, the involved electrons are attracted by the high coulomb potential of the 

nitrogen atomic nucleus. This results in the strong ionicity of the metal nitrogen bond. 

 

Table 2: Summary of the different electronegativities and covalent radius of the different III-Nitride 

atoms [2]. 

Parameters Al  Ga B In N 

Electronegativity (eV) 1.61 1.81 2.04 1.78 3.04 

Covalent radius (Å) 1.21 1.22 0.84 1.42 0.71 
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Another consequence of the small radius of nitrogen (0.71 A) in comparison to As 

(1.18 A), P (1.10 A), and Sb (1.36 A) is the small lattice parameters of III-N alloys. 

Consequently, high bond energies are induced in the III-N alloys implying a high melting 

temperature, revealing by the way large variation in the bond energy. For instance, in 

opposition to Al-As alloys whose EB and melting temperature that do not exceed 2 eV 

and 2000°C, respectively, the melting temperature of AlN and EB(Al -N) are much higher. 

These values result noticeably in the high AlN stability. Taking advantage of their 

thermal and chemical stability, the III-N materials were proved as suitable candidates for 

high-frequency, high-power, and high-temperature applications [28]. 

 

1.2.2 Optical properties 

The development of optoelectronic devices based on nitride alloys requires a detailed 

knowledge of the optical constants over an extended photon energy range. In this section, 

the major optical properties including the optical bandgap and the complex index of 

refraction will be summarized. 

Optical bandgap: Energy gaps (EG) for the wurtzite group III-nitride compounds and 

their related alloys span the wide range from 0.7 to 6.2 eV. Therefore, as illustrated in 

Figure 3, almost the entire visible and deep-UV wavelengths are covered. Equation 4 

illustrates the link between eV and nm values at room temperature. 

 

For this study, UV devices are the ultimate goal of this study, and AlN layers are 

required in the DBR and multiple quantum well (MQW) blocks. AlN is a direct bandgap 

material as the valence band maximum and the conduction band minimum lay at the 

center of the Brillouin zone (ũ point). The AlN optical bandgap is slightly equal to the 

distance between them. The calculated band structure near ũ point of hexagonal AlN is 

illustrated in Figure 5 [4, 28]. 
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Figure 5: Calculated band structure of wurtzite AlN near the ũ point [4]. 

 

Knowledge of the III-N ternary and quaternary alloys in relationship with III -

elements composition is fundamental in several applications. For example, the optical 

bandgap defines the wavelength emission of light-emitting devices and can also be used 

to impose the cutoff wavelength for detectors. As a matter of fact, an accurate 

determination of the bandgap as a function of III -element content is fundamental for 

bandgap engineering in the design of the different optoelectronic devices. 

Conventionally, to obtain the ternaries data, a linear interpolation between binary 

parameters is required. This approximation is valid for several parameters and constants 

such as lattice parameters (Table 1) and elastic constants. However, for optical bandgap, 

a bowing parameter was introduced to consider the non-linear term. Experimentally, a 

wide spectrum of bandgap-bowing parameters has been reported for nitride alloys 

systems. This feature can be explained by the difference in growth techniques and 

measurement conditions [29, 30]. For instance, as concerning the AlGaN alloys, there are 

many reports of various bowing parameters from -0.8 eV (upward bowing) to 2.6 eV 

(downward bowing). However, the most notable bowing parameter is 1eV for the entire 
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compositional range, as expressed by Equation 5 to illustrate the AlGaN bandgap. The 

bandgap-bowing parameters of the other III-Nitrides are summarized in Table 3. 

 

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

 AlGaN BAlN BGaN AlInN InGaN 

Bowing (eV) 1 [31] 5.45 [32] 9 [33] 2.5 [31] 3 [31] 

 

Taking into consideration the most common bowing parameters, Figure 6 presents 

the bandgap versus lattice constant dependance of direct bandgap semiconductors 

compounds and their related alloys.  

 

Figure 6: Bandgap energy versus lattice parameter diagram for III-N materials taking into 

consideration bandgap-bowing parameters. 

 

Another important parameter linked to the bandgap energy that can be critical for 

the design of nitride optoelectronic device is the band offset. The offset is also referred to 

the band structure discontinuity at each hetero-interface. The band offset is tied to the 

electron affinity of each material. Therefore, intensive research focused on the calculation 

of the band offset in the different systems using several techniques, including 

photoluminescence, cathodoluminescence, and X-ray spectroscopy. As a general rule for 
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nitride heterostructures grown on relaxed GaN templates, a 3/7 ratio is used to calculate 

the band offset between the conduction and valence band. For example, if we consider an 

AlN/GaN interface, the bandgap variation between the binaries compounds is ȹEg = 

2.8eV, leading to a ȹEc = 1.96eV and ȹEv = 0.84eV band offset [34]. As a direct 

consequence of this band offset distribution, the efficiency of trapping or blocking 

electrons is higher than holes in the nitride heterostructures. 

Complex index of refraction: The complex index of refraction describes the propagation 

of light in a semiconductor and is expressed by Equation 6. 

 

whereas n is the refractive index indicating the phase velocity of light in the material, and 

k is referred as the extinction coefficient describing the absorption loss when the 

electromagnetic wave propagates through the material. Both n and k depend on the 

radiation wavelength. 

The refractive index is denoted by the following equation: 

 

whereas ɛ is the the phase velocity of the radiation of a given frequency, and c is the 

speed of all electromagnetic radiation in vacuum (c = 3*10
8
 m/s). 

It is fundamental to accurately determine the refractive index of the nitride alloys 

to design advanced optoelectronic devices, including distributed Bragg reflectors and 

light-emitting devices. As a matter of fact, the refractive indexes of the different ternaries 

that can potentially be used in this study are depicted in Figure 7. 
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(a) (b) 

  

(c) (d) 

Figure 7: Refractive index of (a) AlGaN [5], (b) AlInN [6], (c) BGaN [7], and (d) BAlN [7] as a 

function of the wavelength/energy. 
 

As it was widely used in this study in the different simulations and 

experimentations, the AlGaN refractive index as a function of the wavelength and the Al 

composition is given in Equation 8 [5]. Details of measurement and estimation of the 

refractive index of BGaN and BAlN layers will be discussed in Chapter 4. 
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where: 

 

 

 

Similarly to the refractive index dispersion, light absorption is also a critical 

design parameter in the different optoelectronic devices based on nitride materials. The 

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

wavelength ɚ by the following equation: . The absorption coefficient is 

described as the reciprocal of the penetration depth of light into a bulk solid, at which the 

radiation energy is attenuated by a factor e. 

For semiconductor layers, there are two distinct regimes in the spectral range 

above and below the material bandgap. Below the bandgap energy, also referred as sub-

bandgap absorption, the absorption is not significant and does not affect the optical 

losses. However, the absorption above the bandgap, which is mainly explained by the 

band-to-band transitions, leads to a very strong absorption. This absorption increases as a 

function of photon energy, as shown in Figure 8 for AlGaN materials [5]. The nitride 

materials should be fully transparent to radiation with energy lower than the bandgap. 

However, experimentally, the presence of dislocation or free-carriers induces an increase 

of the material absorption. This absorption issue has to be considered in the design and 

simulation of the different optoelectronic components. 
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Figure 8: AlGaN absorption coefficient as a function of the energy for different Al content. 

 

The most common and efficient techniques to measure the complex refractive 

index of a material are based on ellipsometry and reflection/transmission measurements. 

However, these techniques are not direct, and a complex modelisation is required to 

measure the refractive index. The process of refractive index measurements for boron-

based materials is developed in Chapter 4. 

 

1.2.3 Heterostructures and growth challenges 

Major recent breakthroughs in the MOVPE growth of high-quality nitride materials 

enabled the fabrication of several optoelectronic devices. All devices are commonly 

developed from heterostructures of different semiconductor materials such as the 

quantum well structures for LEDs and superlattices (SL) for DBRs. 

In addition to the negative effects of band structures discontinuity near the 

interfaces in the electrical and optical properties, the structural properties are also largely 

affected during the heterostructures growth. This feature is mainly caused by the 

difference in the in-plane lattice parameters of the different materials forming the nitrides 

heterostructures (Table 1). 
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Figure 9 illustrates the deformation origin that the nitride materials can undergo at 

the atomic scale where the grown layer has to adapt its lattice parameter to the substrate 

one. The induced strain can be either tensile when the substrate in-plane lattice parameter 

is larger than the grown film or compressive in the other case. 

  

(a) (b) 

Figure 9: The different strains occurr ing for lattice mismatched layers: (a) compressive strain 

(aSub<aLayer) and (b) tensile strain (aSub>aLayer). 

 

The strain induces a deformation in the different dimensions for a tensile strain in 

the (0001) plane, as shown in Figure 10. The deformation results in a modification of the 

lattice parameters a and c. 

The connection between the stress ůij (force per unit area) and the strain Ůkl (a 

measure of deformation per unit length) is governed by Hooke's law (Equation 12). In 

fact they are linked by the stiffness constants Cmn reported in Table 9 (Apendix A). 
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The relative elongation of the grown film describes the variation of the lattice 

parameters a and c from their relaxed state. This variation is expressed by the following 

equations: 

 

 

Figure 10: Illustration of the tensile strain movement. The strain induces an enlargement of the 

hexagonal base shrinking the unit cell along the growth direction. 

 

As a consequence of the large in-plane lattice mismatch between nitride epilayer 

and conventional substrates (16% between GaN and sapphire and 3.5% between GaN and 

SiC), the epitaxial growth induces a large number of dislocations. These dislocations are 

detrimental for the optical and electrical properties of the nitride devices. 

Consequently, without any strain engineering, growth is limited to a thickness 

referred as "the critical thickness". This issue presents a major limitation in the 

development of thick optoelectronic devices. 

The critical thickness is governed by Equation 15 [35]: 
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whereas b is the relevant Burger's vector, ɛ is the Poisson's ratio, f is the mismatch strain, 

and Ŭ is the angle between the burger vector and the dislocation. ɚ is the angle between 

the slip direction and the direction in film plane perpendicular to the line of intersection 

of the slip plane and the interface [35]. 

Few years ago, it was hard to believe the production and commercialization of 

high-quality devices with such materials. Nevertheless, taking advantage of the progress 

in addressing some of the growth issues of III-N materials, combined to their unique 

properties, significant progress in advanced III-N research was achieved. The 

breakthrough includes the strain engineering solutions and the progress in the 

development of native GaN substrates, which can not be only seen as a research curiosity 

anymore. However, major technological challenges still remain in the development of 

high-performance devices. Some of them will be addressed within this study using novel 

boron-based materials. 

 

1.2.4 Spontaneous and stimulated emission 

The major processes governing the photon-electron interaction were reported for the first 

time by Einstein in 1917. The processes of the absorption and spontaneous and stimulated 

emissions of light, also referred as radiative recombination, are shown in Figure 11. The 

figure illustrates the case of two-energy levels E1 and E2 (for valence and conduction 

band). Radiative recombination occurs when a hole and an electron in the valence and 

conduction bands recombine. The excess energy leads to a photon emission. 

Both spontaneous and stimulated emissions are of paramount importance in light-

emitting devices. For instance, semiconductor lasers are based on the amplification of an 

optical wave through stimulated emission of photons. In contrast, spontaneous emission 

and absorption process are the fundamental modes of LEDs and solar cells, respectively. 
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Figure 11: Energy band diagrams featuring different processes: (a) absorption, (b) spontaneous 

emission, and (c) stimulated emission. 

 

In any two-energy levels system, a photon with energy Eph = hɛ equal to the 

material bandgap energy can be absorbed by an atom. Only photons with a specific 

wavelength can be absorbed. This absorption gives rise to an electron that was originally 

in a low energy state (fundamental state) to an upper energy level (excited state). This 

transition is also denoted "induced absorption" as it is induced by the incident light. 

Because of the limited lifetime of any excited state, which is typically less than 10
-6

s, the 

electron remains a limited period of time in this excited state and then spontaneously 

returns to the equilibrium state. This process is connected to a photon emission with 

random phase and direction, and it is referred as the spontaneous emission. The emitted 

photon wavelength is the same than the material bandgap energy. 

Despite spontaneous emission can not produce any light amplification, this 

emission is considered as a very important process. In fact, the process constitutes the 

first step in the stimulated emission, as the generated photon through the first process 

results in two photons. Similarly to the spontaneous emission, the excited atom can return 

to the fundamental state stimulated by its interaction with a photon of light. This process 

results in the emission of two photons that have a common wave vector (same frequency 

and same propagation direction). The emitted photon is said to be in phase with the 

incident wave. This feature ensures a fixed link between light radiated from different 

atoms in the amplifying medium and leads to the highly monochromatic and coherent 



 19 

laser emission. Similarly to the absorption process, this phenomenon is a resonant process 

as the incoming photon has to have the same energy than the material bandgap. 

Additionally, both processes have the same probability, as shown by quantum theory 

[36]. In the thermal equilibrium conditions, the absorption process predominates. In fact, 

more atoms are present in the low-energy level E1 (more stable) than in the excited-level 

E2. To promote the stimulated emission rather than absorption, the reversed situation 

should exist. This uncommon condition, for which more atoms are present in the upper 

levels, is called the population inversion. This phenomenon is fundamental for laser 

action to occur [37], and it is realized by excitation of the system with continuous 

provision of energy through optical pumping or electric carrier injection. The laser 

oscillators use a small part of the spontaneous emission as the optical input and then 

amplify the fractions by the stimulated emission under population inversion. 

 

1.3 VCSEL's principle and fabrication 

1.3.1 VCSEL's principle 

The typical layout of a VCSEL is illustrated in Figure 12. The structure is realized by 

sandwiching a light-emitting layer (i.e., a thin layer of semiconductor material with a 

large optical gain such as multiple quantum well structure [38, 39, 40]) between two 

highly reflective mirrors. The mirrors can be multilayered-dielectric or epitaxially-grown 

DBRs. The mirrors enable the generated photons in the active region to bounce fourth 

and back stimulating the emission of other photons from electron-hole recombination 

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

 

The basic physics governing the operation of VCSELs is not different from other 

laser diodes. Pumping is required to stimulate emission, which provides gain for the 

optical mode confined in the optical cavity [42]. Depending on the top or bottom 

emission, the conductivity and transparency of the layers forming the mirror stacks 

should be taken into consideration. As the name indicates, the light is emitted through the 

surface and not through the side facets as in edge-emitting lasers. Light emission will 

occur if the beam increases in intensity during a round trip. However, additional losses in 

intensity, including absorption, scattering, and reflections, can occur [43]. The lasing 

threshold is achieved when the gain exactly compensates for the losses. 

The typical round-trip gain in a VCSEL cavity is in the order of a few percents 

(typically 2%). To reach the lasing threshold, the total cavity losses, including those 

induced by the mirrors, have to be maintained below this value. Consequently, the 

reflectivity of the DBRs should be greater than 99%. 

 

1.3.2 VCSEL's fabrication 

Toward the fabrication of nitride VCSEL in the UV range, two features are required. The 

first lies on the high current density in the active region to have an amplifier. 
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Consequently, the injected carrier density is high enough so that the absorption rate is 

lower than the stimulated emission rate. The second feature is related to the resonator. 

Low losses are required to guarantee a gain coefficient in the amplifier higher than the 

total losses during a round-trip in the cavity [34]. The active medium structure, where the 

light is generated, is introduced in next paragraphs. 

The requirement of an active region in VCSELs is more stringent than in edge-

emitting lasers because of the shorter gain region. This difference leads to high threshold 

gain and typically high thermal resistance [44] in VCSELs. However, this threshold 

current density of VCSELs can be minimized if the value of the differential gain gN can 

be increased (Eq. 16) [45]. In fact, the differential gain can be largely increased by 

replacing bulk materials with QW structures. 

 

where aN is the gain coefficient, N is the injected carrier density, and Nth is the carrier 

concentration at threshold. 

Energy can be pumped into the active region in different forms, leading to a 

radiation energy. In fact, the active region generates the first photons (through 

spontaneous and stimulated emissions) that will balance between the top and bottom 

mirrors to generate other photons. In fact, as opposed to being directly emitted following 

electron-hole recombination, the photons are oscillating making several passes over the 

active medium [46]. 

To confine carriers in the active region, double-heterostructure is designed using a 

thin and small-bandgap layer between two large-bandgap layers. If the thickness of the 

small-bandgap layer is reduced to the range of de Broglie wavelength of the carriers, a 

quantum well will be formed. Therefore, the energy levels within the wells are quantized 

in discrete levels. Consequently, the radiative lifetime is shorter than in bulk materials 

and device radiative efficiency increases. In the case of QW, electrons and holes can only 
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move freely in two dimensions within the finite potential barriers that are determined by 

the band structure offset. Therefore, the well width and potential-barrier height are the 

main factors influencing the quantized energies [28]. 

The active medium of III-nitride based VCSELs is composed of Al xGayIn1-x-yN-

based multiple quantum wells (x and y referring to the aluminum and gallium content, 

respectively). The function of the QW is to further enhance carrier confinement and allow 

for laser wavelength selection via the correlation between well dimensions and electron-

hole recombination energies. The bandgap energy can be tuned to attain the desired 

wavelength depending on the composition of the different elements. 

Figure 13 illustrates the schematic bandgap energy of an AlGaN/AlN MQW 

active layer. If the well width is much shorter than the length of VCSEL, the 

corresponding optical confinement of the QW ũw can be approximated by Equation 17. 

 

where Lw and nw are the thickness and the number of QWs, respectively. L is the VCSEL 

total cavity length. 

 

Figure 13: Schematic diagram of an AlGaN/AlN MQW with a separate confinement heterostructure. 
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To allow reflection to occur at the interfaces, the active layer has a lower bandgap 

and a higher refractive index than those of the surrounding materials. The generated 

photons can be therefore confined within the active medium to increase the probability of 

stimulated emission. 

In principle, the light emission efficiency of QW depends on many factors: 

material quality, well and barrier width, and well and barrier band-offset (ȹEC, ȹEV). The 

number of QWs has to be optimized as a function of the round-trip losses. These QWs 

are therefore located optimally at the peak of the optical field. For an efficient radiative 

recombination [28], it is also required to approximate the well thickness to the dimension 

of the free-exciton. 

An additional feature designers should consider when developing active region 

for light-emitting devices is the electron blocking layers. In fact, electrons and holes have 

different mobilities in nitride systems. Consequently, in contrast to holes which are often 

injected predominantly in the first quantum well, electrons are equally distributed in the 

active region. Electrons tend generally to overflow the MQW system. This electron 

diffusion should be minimized, as it does not contribute to the light emission in the active 

region. Therefore, the introduction of an electron blocking layer has proved to be an 

efficient solution to overcome this issue [47]. 

The shortest wavelength achievement of the different lasers and distributed 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 need for compact UV light 

sources. Toward the achievement of compact devices, wide-bandgap semiconductor 

(B,Al,Ga,In)N materials are undoubtedly the most suitable technology. Consequently, III-

N materials have been extensively explored in the past decades toward their use in 

semiconductor devices. 
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ZnSe-based materials were the first material system to provide continuous wave 

(CW) operation of blue-green lasers [48]. However, serious reliability problems, possibly 

arising from its chemically and structurally unstable material system, have hindered the 

application of ZnSe lasers in the real-world systems. Moreover, because of its low 

bandgap, this material is not adapted to UV applications. 

Later, Al xGayIn1-x-yN-based wide bandgap semiconductor material systems [49, 

50] have brought innovative changes in photonic devices. These materials enabled the 

operating wavelengths of LEDs and lasers to reach a spectral range spanning from blue to 

UV [51]. 

From the first nitride-based injection laser demonstrated in 1995 [52], lasers have 

undergone tremendous evolution through the rapid progress in material growth, device 

fabrication, and packaging. Therefore, high-efficiency short-wavelength LDs covering 

the UV spectral range from 340nm to 360nm [18, 39, 53] were demonstrated with 

electrical injection. A number of advances are needed to develop short-wavelength 

devices. The advances include: 1) reduction of nonradiative defects in the QW active 

region, 2) improvement of AlGaN materials conductivity and p-type doping, and 3) the 

development of low-dislocation density materials [54, 55]. 

As mentioned earlier, VCSEL is an advanced configuration of LD which can 

offer several advantages over edge-emitting lasers [56, 57, 58]. One major feature is that 

VCSEL devices suffer less from dislocation issues than edge-emitting lasers. However, 

because of other limitations, so far, VCSELs can only operate in the visible and violet 

spectral range [59, 60]. The development of III-nitride-based VCSEL [61] includes 

optically-pumped devices at blue wavelengths [62], current-injected CW lasing blue 

VCSELs at 77K [63], and room-temperature CW lasing violet VCSELs by current 

injection [64]. 

A major technical challenge for the development of III-nitride VCSELs operating 

in the UV range lies in the need of highly reflective DBRs with large bandwidth and high 
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structural quality. AlN/GaN DBRs were employed to prove the existence of high 

reflectivity in the near-UV range (R > 99%). However, cracks appeared because of the 

large lattice mismatch [65]. Al xGa1-xN/GaN system was also used in an attempt to reduce 

the strain in the whole DBR structure [66, 67]. However, the reduced refractive index 

contrast leads to a reduced bandwidth (<20nm) and a large number of DBR periods to 

achieve high reflectivity. For example, Al 0.34Ga0.66N/GaN DBRs require 35 and 43 pairs 

to achieve 96% at 390nm and 98% at 400nm of peak reflectivities, respectively [62, 68]. 

To manage strain, lattice-matched InAlN/GaN DBRs were proposed [69]. However, 

these structures suffer from the numerous temperature ramping processes during the 

growth. 

All the DBRs mentioned earlier operate in the visible and near-UV range. 

However, these GaN-based structures cannot be used for UV-VCSELs because of the 

strong absorbtion in GaN materials. For the development of III-nitride DBRs operating 

below 380nm, AlGaN/AlGaN, AlGaN/AlN, and AlGaN/InAlN structures have been 

studied with an aluminum concentration adapted to the DBR working wavelength. A 29-

pair Al 0.43Ga0.57N/AlN DBR on AlN template substrate was designed to achieve a peak 

reflectivity of R ~ 99% at ɚ ~ 356nm [69]. A crack-free 25-pair Al 0.18Ga0.82N/Al 0.8Ga0.2N 

DBR on GaN template was reported to have a peak reflectivity of 99% at ɚ ~ 350nm 

[70]. A 35-pair Al 0.2Ga0.8N/In0.15Al0.85N DBR on Al 0.2Ga0.8N template was reported to 

achieve a reflectivity of R ~ 99% at ɚ ~ 345nm [71]. To date, the highly reflective DBRs 

(> 95%) realized for UV applications are only centered at ɚ > 340nm. The wavelength 

limit is imposed to avoid internal absorption while maintaining high refractive index 

contrast. For short-wavelength DBRs, high Al mole fraction is required in both materials 

comprising the DBR pair to prevent wavelengths to be absorbed by the AlGaN layers. 

However, this feature results in a reduced refractive index contrast. To our knowledge, 

only few studies have reported functional DBRs with peak reflectivities below 340nm 

[16, 72]. C.G. Moe et al. have demonstrated the shortest wavelength reflectivity for a 
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DBR using 10 and 21 pairs of AlGaN/AlN with peak reflectivities of 66% and 82% at 

245 and 279 nm, respectively [16]. X.L. Ji et al. reported a 30-pair Al 0.43Ga0.57N/AlN 

DBR with a 93% reflectivity centered around 313nm [72]. The DBR reflectivities as a 

function of the wavelength for AlN/GaN [73, 74, 75], AlGaN/GaN [66, 68], AlGaN/AlN 

[16, 72], AlGaN/AlGaN [70, 76], and AlInN/AlGaN [71] systems are summarized in 

Figure 14. 

 

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

 

As a conclusion, it is proved to be challenging to achieve highly reflective DBRs 

in the wide spectral range of UV wavelengths, with the conventional material 

technologies. Consequently, the development of new materials technology is required. 

Therefore, we propose to introduce boron-based materials as an alternative to 

conventional materials to combine high reflectivity and large bandwidth in the UV range. 

 

1.5 Technical challenges limiting the development of UV VCSELs 

Conversely to infrared and visible VCSEL, the development of VCSELs emitting in the 

UV range is a very challenging milestone because of several issues associated with their 

fabrication. The issues are related to materials quality, highly reflective DBRs, optical 



 27 

confinement, carrier injection, and the lack of lattice-matched substrate. Such issues are 

briefly discussed in next paragraphs. 

As mentioned earlier, III-N alloys have emerged as the leading and the most 

adapted materials for VCSEL devices in the UV region because of their remarkable 

physical properties and their bandgap flexibility. Toward the achievement of UV 

VCSELs, the development of high-quality (crack-free and low threading-dislocation 

density) III -N materials is fundamental. In fact, in the case of low-quality materials, 

lasers experience non-radiative recombination. This feature leads to heating problems and 

consequently to a significant increase of the lasing threshold. 

An impediment in the development of high-performance devices based on III-N 

materials is the lack of lattice-matched substrates. Despite the intensive research 

investigating alternative substrates such as silicon (Si), Silicon Carbide (SiC), Lithium 

niobate (LiNbO3), zinc oxide (ZnO), and others, sapphire is undoubtedly the most used 

substrate because of its availability and low cost. However, the large difference in lattice 

parameters between sapphire and III-Nitrides has a detrimental effect on the structural 

and morphological quality of the heteroepitaxially layers. The thickness of the epitaxial 

mirror is therefore limited. Additionally, sapphire is insulating, which prevents efficient 

backside contact. Consequently, providing bulk GaN and AlN substrates to grow nitride 

materials is fundamental for UV VCSEL development. However, the technology is not 

mature yet and their high price and small size are currently major obstacles. 

In addition to the previously reported issues, the development of UV VCSELs is 

still hampered by some doping issues. In fact, in opposition to n-type doping for AlGaN 

layers which is straightforward using silicon as typical n-dopant, the p-doping using 

magnesium is still considered to be challenging. In fact, important Al-content suffer from 

high contact resistance and issues with current spreading. Different approaches were 

applied to achieve p-type III-nitrides by Mg doping such as co-doping, delta doping [77], 

and valence-band modulation using strained superlattice structures. However, p-type 
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doping is not mastered yet. As a consequence of the poor conductivity of p-type AlGaN 

alloys, the electrical injection remains challenging in the UV region. 

To reach the lasing threshold, minimizing the losses and maximize the gain in the 

active region is needed, which requires a good optimization of the optical quality of the 

quantum wells. In fact, enormous enhancement in the gain can be achieved by replacing 

the bulk active layer with QWs. However, the optical quality of the active region is still 

considered critical in the VCSEL structure operating in the UV range. To achieve 

sufficient gain in the cavity, VCSELs also need highly reflective DBRs exceeding 99%. 

To date, among nitride materials, the Al xGa1-xN/Al yGa1-yN system was the most reported 

candidate for functional UV DBRs [69, 72]. However, the DBR design has to comply 

with an intricate trade-off between the limited refractive index contrast, the transparency 

of the AlGaN layers, and the in-plane lattice mismatch AlGaN/AlN. In fact, the AlN/GaN 

system exhibits a lattice mismatch as high as 2.4%, while the refractive index variation 

does not exceed ȹn=0.5. The AlGaN refractive index versus photon energy for different 

Al compositions is shown in Figure 15 [5]. As a matter of fact, below 300nm, a large 

aluminum content-contrasted structure would benefit from a large refractive index 

contrast at the expense of high absorption in the AlGaN layers. Additionally the structural 

quality of the materials will be affected by the large lattice mismatch. Consequently, most 

of the demonstrated Al xGa1-xN/Al yGa1-yN DBRs suffer from cracks [72], rough interface, 

and/or limited reflectivities with narrow stopband widths [16, 65]. In addition to their 

detrimental effect on the reflectivity, the cracks make the device processing very 

challenging. To overcome these issues and reduce the strain in the whole structure, 

researchers have recently reported nearly lattice-matched AlInN/AlGaN DBRs to achieve 

highly reflective DBRs in the UV region [71, 78, 79]. However, the AlInN-based DBRs 

are time-consuming and difficult. This is explained by the numerous temperature ramping 

processes during the growth and the sensitivity of In incorporation to the growth 

temperature [80]. 
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Figure 15: Refractive index versus wavelength for AlxGa1-xN alloys (adapted from ref [5]). 

 

Another limitation that has to be taken into consideration when designing DBR 

structures in the UV region is the DBR bandwidth. This parameter will be deeply 

described in Section 3.1. DBRs are characterized by their high selectivity. This selectivity 

is considered to be an advantage when it is about filters. However, in VCSEL devices, it 

is considered a main drawback as the high reflectivity is only reached in a wavelength 

range called "stopband", and it falls dramatically outside. Consequently, photons with an 

incident angle falling outside the stopband are not properly reflected, which limits the 

maximum extraction efficiency. They are referred as the "leaky modes". Therefore, it is 

fundamental to have a large refractive index contrast ȹn to obtain a sufficient bandwidth. 

As a result of the several listed issues and especially the difficulty to fabricate 

highly reflective DBR with large bandwidth in the UV range, the development of VCSEL 

devices operating in this region has proved to be challenging. In this work, the main 

objective is to investigate highly reflective DBRs. 
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1.6 Scope of this dissertation 

The purpose of this dissertation is to investigate the MOVPE growth of group III-nitrides 

BAlGaN materials system for their incorporation in the main building blocks of VCSEL 

devices. The research work described in this dissertation is organized as follows:  

The history of the research, the important aspects of group III -nitride materials 

properties, the motivation, and applications of UV VCSELs have been addressed in this 

chapter. An overview of the state-of-the-art of DBR structures and VCSEL in the UV 

range was also covered. 

Chapter 2 deals with the principle of MOVPE system employed in this study and 

an overview of the different growth conditions and equations governing the nitrides 

growth. It also covers a description of the different characterization tools used in this 

study. 

In the beginning of Chapter 3, the focus will shift to the description of the 

distributed Bragg reflectors. The different simulations and software developed within this 

study will also be outlined in this chapter. 

Chapter 4 will be devoted to the complete discussion of the epitaxial growth of 

the different III-N materials and their optical and structural characterizations. The chapter 

starts with the conventional AlGaN materials, then the boron-based materials will be 

presented. The demonstrated optical properties of the boron-based materials motivate 

their possible use in the distributed Bragg reflectors operating in the UV range. 

Chapter 5 will present the distributed Bragg reflectors using different III-N alloys. 

The boron-based structures will be deeply investigated and compared to conventional 

AlGaN stacks. 

Finally, the dissertation concludes with Chapter 6 through a summary of the 

different results achieved and a discussion of potential future research work. 
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CHAPTER 2 

PRINCIPLE OF MOVPE A ND CHARACTERIZATION 

TECHNIQUES USED IN THIS STUDY FOR III -N MATERIALS  

 

As discussed in the previous chapter, the III-N materials system has been shown to be an 

excellent candidate for solid-state lighting. Early investigation of the III-Nitrides was 

made at the beginning of the 20
th
 century with the first tentative of AlN, GaN, and InN 

growth by Tiede in 1928 [81], by Johnson in 1932 [82], and by Juza and Hahn in 1938, 

respectively [83]. For instance, GaN was mostly obtained in the form of small needles 

and platelets by passing ammonia over hot gallium metal [82]. Few decades later, large 

area GaN was grown directly on sapphire by Maruska and Tietjen [84]. As these GaN 

layers suffer from very high background electron concentrations, further optimization 

was paramount and conducted to Yoshida's idea [85] to use an AlN intermediate layer. 

The process was then improved by Akasaki and Nakamura by using AlN and GaN 

nucleation layer grown at low temperature prior to the growth of high temperature nitride 

films [86, 87]. P- and n-type doping were also very important breakthrough for today's 

optoelectronics devices. Following the success of the III -N materials growth and doping, 

Nakamura's team demonstrated in the nineties the first high-brightness blue LED and UV 

LD [88]. 

Different techniques can be used to epitaxially grow semiconductor materials. 

One major technique is molecular beam epitaxy (MBE) which was invented in 1960 at 

Bell Laboratories by J.R. Arthur and A.Y. Cho [89]. The first growth of AlN and GaN 

single crystals using MBE was reported by S. Yoshida et al. at the Electrotechnical 

laboratory in Japan in 1975 and 1983, respectively [85, 90]. Taking advantage of its 

simple process, good uniformity, and abrupt interfaces, the technique was extensively 
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investigated in the following years. However, MBE has few limitations such as its low 

growth rate and its cost. 

Hydride vapor-phase epitaxy (HVPE) is another modern growth technique for 

nitride compounds initiated by Maruska and Tietjen to grow the first GaN in 1969 [84]. 

This technique is amongst other widely used today to grow low dislocation density GaN 

substrates for overgrowth. However, this technique suffers from its complex 

process/reactor, the difficulty to have an accurate and reproducible composition control in 

nitride alloys layers, and the hazardous precursors it uses. 

One additional major technique is MOVPE, which is an evolution of the HVPE 

technique. MOVPE technique was pioneered by Manasevit in 1968 who successfully 

demonstrated the deposition of several various materials onto semiconductors and 

insulators, such as GaAs, GaP, GaAlAs, AlN, and GaN [91, 92]. MOVPE technique has 

different drawbacks such as the toxicity and the spontaneous flammability of most 

precursors in contact with air. As not 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 fundamental to filter, neutralize, and 

purify the mixture before it can be passed into the exhaust air [34]. 

Despite all the disadvantages explained above, thanks to various strengths, the 

MOVPE technique unquestionably displaces the other techniques in optoelectronic 

devices. The advantages include the versatility, the high growth rate of all III-V and II-VI  

semiconductor compounds, and the suitability for large-scale production. MOVPE has 

also proved to be the most economical technique, particularly for the production of 

devices requiring large areas, such as LEDs, photodetectors, transistors, and solar cells. 

Consequently, all the material and device structures developed during this thesis have 

been grown using MOVPE technique. 

Various kinds of ex-situ characterization techniques are afterward required for 

proper understanding of the grown material and device, thereby, improving performance 
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of devices and increasing the yield. Therefore, the application of a desired structural, 

optical, chemical, and morphological characterization to each growth is critical. X-ray 

diffractometry (XRD) is performed to investigate a and c lattice parameters, relaxation, 

and structural quality. The surface morphologies and topographies are observed by 

scanning electron microscopy (SEM) and atomic force microscopy (AFM). 

Cathodoluminescence (CL), photoluminescence (PL), and ellipsoemtry are studied to 

characterize the optical properties. Fourier transform infrared spectroscopy (FTIR) and 

spectrophotometry were employed to measure the reflectance, transmittance, and 

absorption. 

To investigate the microstructure in cross-section, the dislocation density, and 

interface quality, transmission electron microscopy (TEM) was applied. Secondary ion 

mass spectrometry (SIMS) and X-ray photoelectron spectroscopy (XPS) were finally 

performed to identify the different element incorporation and a quantitative measurement 

for boron content in III-N systems. 

In this chapter, the basic principle of MOVPE will be discussed with an overview 

of the different III-N growths. The different characterization techniques employed in this 

study are described in 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) gas handling system, (2) 

reaction chamber where the growth takes place, (3) heating system, and (4) an exhaust 

and low pressure pumping system. 

Different organometallic (OM) precursors in the gaseous form are introduced 

through a carrier gas into a reaction chamber containing a heated wafer. When the 

different precursors reach the substrate, they are decomposed. This thermochemical 

decomposition is called pyrolysis and leads to a sequence of chemical reactions between 
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the different species, which results in the deposition of thin layers. During the growth, the 

substrate is positioned on a rotating susceptor to enhance the layer homogeneity. 

The metalorganic precursors exist in either liquid or solid form and are stored in 

an all welded stainless steel containers, commonly referred to as "bubblers", which are 

maintained in a bath at a constant temperature. Equation 18 illustrates the dependance 

between the equilibrium vapor pressure of metalorganic precursor and this bubbler 

temperature. 

 

where T is the bubbler temperature and a and b are the metalorganic precursor vapor 

pressure parameters. The different parameters leading to the vapor partial pressure of the 

different metalorganic precursors as a function of temperature is given in Table 4. 

 

Table 4: Properties of group III precursors. 

Precursors a/b Melting 

point(°C) 

Boiling 

point(°C) 

Trimethylgallium (TMGa) 8.07 / 1703 -15 56 

Trimethylaluminum (TMAl) 8.22 / 2135 15 125 

Trimethylindium (TMIn) 10.52 / 3014 88 134 

triethylboron (TEB)  -93 95 

 

The flow of the appropriate metalorganic precursor molecules is achieved by 

passing a carrier gas (hydrogen or nitrogen) through the bubblers. It is fundamental that 

the precursors exhibit an appropriate volatility to enable a thermal decomposition in the 

growth chamber. The process is usually performed at a reduced pressure and the growth 

chamber's wall is cooled using cold water. The molar quantity of metalorganic compound 
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entering the chamber is governed by the bubbler temperature, the bubbler pressure, and 

the flow rate of carrier gas through the bubbler. 

As mentioned earlier, the carrier gas can be either hydrogen or nitrogen. 

Excepting InGaN growth in which the presence of hydrogen is detrimental to the growth, 

(B,Al,Ga)N systems can use both gases. Hydrogen presents several advantages in 

comparison to nitrogen carrier gas such. For instance, the beneficial thermal conductivity 

and carbon-radical scouring properties make hydrogen very widely used. Most of the 

growth performed in this work used nitrogen as carrier gas, because hydrogen system was 

only installed few months ago. 

 

2.1.2 Description of the used precursors 

Trimethylgallium (TMGa or Ga(CH3)3), trimethylaluminum (TMAl or Al(CH3)3), 

triethylboron (TEB or B(CH3CH2)3), and trimethylindium (TMIn or In(CH3)3) are 

commonly used as group III precursors in the III-Nitride epitaxy system. Triethylgallium 

(TEG), which has a much lower vapor pressure than TMGa, can also be used to produce 

Ga molecules. For instance, it can be used for quantum well structures, for which 

accurate thickness control is required. 

All the precursors sources listed above are very air sensitive, which means they 

ignite spontaneously upon contact with air. In opposition to TMIn which is sublimate 

solid, TMAl, TEB, and TMGa are liquid sources at room temperature. The melting and 

boiling points of the different III element precursor sources are summarized in Table 4, 

and their molecular structures are presented in Figure 16. Because of the large difference 

between their atomic properties such as atomic radius, ionization energy, and electron 

affinity, the chemical properties of Ga/Al/In/B compounds are very different from each 

other. 
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(a) (b) 

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

 

The extremely low dissociation rate by the order of 10
-16

 of the dimer molecule of 

nitrogen at high temperatures limits the use of nitrogen as a group V precursor [93]. 

There are several nitrogen sources such as Dimethylhydrazine (DMHz) and Hydrazoic 

acid (HN3). However, ammonia (NH3) is unquestionably the most common source 

because of its decomposition rate of 4% up to 950°C [94]. As a direct consequence of the 

low ammonia cracking efficiency, a large amount of NH3 has to be introduced for 

(B,Al,Ga)N growth (typical V/III ratio is 2000). In the case of GaN growth, when the 

pressure is too low, a Ga liquid phase can be formed, which leads to droplet formations in 

the surface [95]. 

 

2.1.3 MOVPE growth of III -Nitrides 

To carry the different reactants, the carrier gas flows through two separate III and V run 

lines. The use of two separate run lines is fundamental since the OM sources used as 

column III precursors are Lewis acids; whereas ammonia, the primary column V source, 
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is basic [96]. Therefore any pre-mixing between the two sources leads to gas-phase 

reactions which are detrimental to the film growth process [97]. 

The general reaction to grow group III-Nitride layers is described by Equation 19. 

 

In this equation, R is an alkyl group, and M represents the group III metal such as 

gallium (Ga), aluminum (Al), boron (B), or indium (In). H is hydrogen, and N represents 

the group V element, which is nitrogen for our case. The general reactions for GaN, AlN, 

and AlGaN growth using TMGa, TMAl, and NH3 can be expressed by the following 

equations. 

 

 

 

The MOVPE process is very complex with many parallel and series reactions 

steps. The growth process can be categorized into four processes: gas input, pyrolysis, 

diffusion, and surface reaction [28]. During the growth, different species diffuse in the 

carrier gas and are pumped away from the deposition zone towards the reactor exhaust. 

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

 

2.1.4 Description of the used MOVPE and in-situ reflectometry tool 

All epitaxial materials and structures studied within this work were grown by MOVPE 

using a home made reactor system built by Prof. Abdallah Ougazzaden [98]. The T-

shaped low pressure MOVPE reactor was installed in 2004. It was dedicated to classical 

III -V materials such as InP and GaAs, for which the temperature does not exceed 700°C. 

The MOVPE growth chamber has been reconfigured to reach the required temperature 

for wide bandgap III-N materials exceeding 1000°C. N2 and H2 can be used as carrier 

gases and TMAl, TMGa, TEB, and TMIn as sources of aluminum, gallium, boron, and 

indium, respectively. The gas panels were also upgraded to allow p-type and n-type 

doping. Biscyclopentadienyl magnesium (CpMg) and disilane (Si2H6) are available as 

precursors for Mg and Si, respectively. The growth temperature ranges from 400 to 

1100°C, and the growth pressure can be varied between 75 and 750 Torr. 

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

 

The MOVPE system was also equipped with a home-built in-situ optical 

reflectivity monitor to provide accurate information on the growth rate and quality. The 

interference of two light beams reflected from the growing epilayer surface is detected by 

an optical detector. The light source used in our case is a laser with an emission 

wavelength of 670nm. Equation 23 illustrates the epilayers growth layer and thickness. 

 

where ɚ is the laser wavelength, m is an integer, n is the layer refractive index at the 

growth temperature, and d is the thickness for which the maximum of Fabry-Perot 

oscillations occurs. The growth rate can be accurately calculated from the interval ȹt 

between two maxima, as shown in Equation 24. 

 

As mentioned earlier, in-situ reflectometry oscillations are good indicators of the 

layer morphology. In fact, the intensity of reflectance measurements may be affected by 

the optical properties of the substrate or the growing layers and the growth conditions 

during the heteroepitaxy. For instance, the increase in surface roughness during the 
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epitaxy can be illustrated by a decrease in both maxima and minima of reflectance. In-

situ reflectometry curve for a 900nm GaN growth is shown in Figure 19. 

 

Figure 19: In situ reflectometry for a 900nm GaN film. 

 

One of the key parameters during the epitaxial growth is the growth temperature. 

The growth temperature can affect the composition of ternary and quaternary alloys, the 

growth rate, the surface roughness, and the structural materials quality. Therefore, careful 

monitoring and accurate control of the growth temperature during the growth is 

fundamental. Consequently, the temperature is monitored by thermocouples. 

 

2.2 Structural characterization techniques 

X-Ray Diffraction: X-ray diffractometry is a non-destructive ex-situ technique giving 

accurate characterization of the structural properties of III -nitride layers. The basic 

principle of X ray diffraction is described by the dynamical theory of diffraction [99]. 

The tool is based on the diffraction patterns of the reflected X-ray beam after its 

interaction with a crystalline sample. This technique allows an accurate analysis of lattice 

parameters, alloys composition, thickness and uniformity of epitaxial layers, built-in 

strain, relaxation, and crystalline quality [100]. 
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Our laboratory is equipped with High Resolution X'Pert PRO MRD (Material 

Research Diffractometer) from PANalytical. It is provided with a Cu-scaled anode in 

line-focus, hybrid monochromator consisting of a mirror and a 2-bounce channel Ge(220) 

crystal delivering a high intense KŬ1 radiation (ɚ = 1.5405A), and a secondary optics plus 

detector. The hybrid monochromator delivers a beam with a height of 1.2mm and a 

resolution of ~ 12 arc sec. The height is adjusted with slits according to the size of the 

sample. Figure 20 illustrates the diffractometer movements where ɤ and 2ɗ are the 

incident and diffraction angles. 

 

Figure 20: Angles associated with the diffractometer movements. 

 

The Bragg's law (Equation 25) describes the diffraction of X-rays by different 

crystallographic planes in a crystal. 

 

where dhkl is the spacing between the lattices planes, (hkl) are the miller indexes 

presented in Chapter 1, ɗB is measured between the direction of the incident beam and the 

lattice plane under consideration, ɚ is the wavelength of the X-ray source, and n is an 

integer describing the order of diffraction. Figure 21 illustrates the X-ray 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: the planes are parallel to the surface. 

 

Each structural defect, dislocation, or alloy non-homogeneity in the crystal creates 

a local misorientation of the atomic planes, which slightly perturbs the broadness of the 

XRD peak. Consequently, the full width at half maximum (FWHM) of the diffraction 

peak gives a qualitative indication about the defect concentration in the crystal. This 

measurement is called the rocking curve (ɤ-scan). For group III-Nitrides, large degrees of 

mismatch exist. Therefore, rocking curve can be used to determine the relative crystalline 

quality of the different alloys [46]. 

For large lattice mismatch systems, one major limitation of the rocking curve is 

the reduced angular range, which can be transcended by performing ɤ- 2ɗ scans. In this 

diffraction condition, the detector moves at twice the angular rotation rate of the sample 

so that the measured diffraction angle remains equal to the incident beam angle [46]. 

Conversely to the rocking curve, reciprocal space maps (RSM) is performed [95] 

to separate the moscaicity (variation in ɤ) and lattice strain (variation in ɤ/2ɗ). The 

reciprocal space is basically a three-dimensional (3D) Fourier transform of the real space 

periodicity. This technique is categorized into two measuring types: an asymmetric RSM 

calculates both a and c lattice constants, while a symmetric RSM contains information 

about the crystalline quality of epitaxial films [26]. Figure 22 illustrates the observed 

tendencies of a diffraction peaks movement in the AlGaN system growth on GaN 
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substrates (symmetric plan (11.4)). The results give an accurate information on Al 

incorporation and relaxation. 

 

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

 

Transmission electron microscopy: TEM is a microscopy technique whereby a 

beam of electrons is transmitted through an ultra thin specimen. The interaction of the 

transmitted electrons forms an image with a significantly high resolution to examine 

details such as lattice defects in crystals and the interfaces quality in heterostructures. 

After sample preparation performed by FIB (focused ion beam) at IEMN (Lille, 

France), all the TEM images presented in this work were performed using Philips CM20 

transmission electron microscopy. All  the samples were performed by Gilles Patriarche at 

LPN (Paris, France). The basic components of TEM are: the magnetic lenses, the 

diaphragms, and the phosphorescence screen. The system is equipped with a tungsten 

filament for electron emission into the vacuum by connection with high voltage source to 

accelerate the sources (typically 200 kV). In high resolution mode, it is possible through 

this microscope to enlarge the image up to 750000 times. The images are recorded 

digitally by CCD camera. 

The system operates in either diffraction or imaging mode. The most used mode is 

imaging condition which selects and projects the image plane (located at the diaphragm 
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area) on the screen. In the diffraction mode, sometimes called "selected area diffraction", 

we look at the image formed in the focal plane of the objective lens. The diffraction 

pattern of electrons is projected on the screen using the projector lenses and yields a 

diffraction pattern of the sample. 

The TEM system is noticeably combined with an energy dispersive X-Ray (EDX) 

spectroscopy allowing a chemical characterization and a quantitative compositional 

analysis in the case of ternary or quaternary alloys. 

 

2.3 Imaging techniques 

Nomarski optical microscopy: In this work, the Nomarski microscopy was used to 

investigate the layer morphology and observe cracks and defects. The main components 

of a basic light microscopy are: a light source to illuminate the sample, a nose piece to 

hold the different objectives used in changing the viewing modification, an aperture 

diaphragm to adjust the resolution and contrast, a field diaphragm to adjust the field of 

view, ocular lenses for magnification, and a sample stage manipulation [2]. 

The system uses the principle of interferometry of polarized light, which is 

laterally divided by a differential interference contrast (DIC) prism into two orthogonal 

light packets. These light packets hit the sample at two different positions and are then 

reflected and return to the prism through different paths. The differences between both 

reflected packets produces interference contrasts in the image [28]. Features such as 

surface defects, etch pits, and cracks can be clearly observed. The theoretical resolution R 

of an optical microscope is given by Equation 26 [101]: 

 

where n is the refractive index of the medium between the sample and objective, 0.61 is a 

coefficient associated with the Fraunhofer diffraction, ɚ is the wavelength of radiation, 

and u is the objective aperture. The resolution difference between optical and electronic 
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microscopy lies in the difference between both wavelengths. In fact, ɚphoton å 500nm and 

ɚe å 0.001nm, which lead to Rphoton å 500 nm and Re å 0.2nm, respectively. 

Nomarski microscopy is typically used to investigate the sample surface 

morphology. To investigate deeply the surface topography, the roughness, dislocation 

propagation, and different other features, scanning electron microscopy, atomic force 

microscopy and transmission electron microscopy should be performed. 

Scanning electron microscopy: The high-resolution SEM images the sample surface by 

scanning it with a high-energy beam of electrons rather than light (optical microscopy). 

In addition to its large depth of field, SEM enables analyzing at nanometric scale the 

morphological and structural properties. The properties include growth mode, default 

density, and dislocation behavior. SEM also allows an accurate observation of wide 

bandgap materials such as BAlGaN alloys by using low accelerating voltages and the 

possibility to use a variable pression mode. Owing to its high resolution (1nm at 15KV), 

this equipment is also suitable for nano-material and devices. 

Our model ZEISS Supra-TM 55/55 VP/55WDS with GEMINI COLUMN from 

Carl Zeiss SMT-Nano technology systems division offers the highest resolution available 

today. The main features of the instrument are an electron column containing the electron 

source (Figure 23) and the magnetic focusing lenses, the sample vacuum chamber, and 

the electronics console forming the control panel. The basic principle will be detailed in 

the following paragraph. 
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Figure 23: Scanning electron microscopy and cathodoluminescence systems. 

 

A beam of electrons is produced by the electron source, also referred as the gun, 

by heating a metallic filament. The electron beam passes through the different lenses to 

focus the beam down towards the sample. When the primary electron beam hits the 

sample, the electrons lose energy by repeated random scattering and absorption. The 

interaction volume depends noticeably on electron's landing energy and the atomic 

number and density of the sample. After hitting the sample, high-energy electrons 

(backscattered or secondary) are ejected from the sample. These electrons are then 

collected by specialized detectors which convert them to a signal. The signal is then sent 

to a viewing screen producing the observed image [102]. 

A Jobin-Yvon cathodoluminescence system has been recently developed, and was 

mounted in SEM. Cathodoluminescence spectroscopy has emerged as a powerful tool for 

the micro-characterization of the electronic properties of luminescent materials. Major 

applications of CL include materials electronic band structures, measurements of the 

dopant concentrations and the minority carrier diffusion length, mapping of defects and 

densities, and analysis of stress distribution in epitaxial layers. 
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The CL spectroscopy is analogous to PL system (developed later). The atoms of a 

sample material are excited to a higher-energy state and then return to a lower-energy 

state or an equilibrium state by emitting that excess energy through a photon. One major 

difference is that the excitation energy is an order of magnitude higher for CL and 

slightly higher for PL than the luminescence energies. The difference in energy between 

the excited and equilibrium states is related to the energy of the emitted light. 

Atomic force microscopy: Atomic force microscopy is a non-destructive technique which 

has been invented by G. Binning, C.F. Quate, and Ch. Gerber in 1986. AFM is typically 

used to observe high resolution tridimensional topographical analysis of a surface. AFM 

capabilities include 3D surface topography, detection of atomic scale features, surface 

roughness analysis, and defect study [103, 104]. A block diagram of the different 

components of an AFM is illustrated in Figure 24. 

 

Figure 24: Schematic diagram of AFM and its components. 

 

The principle is based on measurements of the interaction forces between atoms 

on the sample surface and a tip fixed on a cantilever. The sample surface is fixed on a 

piezoelectric support to move the tip in x, y, and z. Surface roughness leads to a variation 

of interaction forces leading to a variation of the distance between the tip and the surface 
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through the cantilever deflection, following Hooke's law. The reflection of a laser beam 

on the cantilever registers this bending. The signal is detected afterward by four 

photodiodes connected to a numerical acquisition system. The changes in the cantilever 

deflection or oscillation amplitude in the z direction are determined by differences in 

output voltages of the photodetector. The measurements lead to an accurate topography 

map. 

There are 3 different modes: 

- Tapping mode: The mode consists of oscillating the cantilever around its resonance 

frequency and lightly tapping on the sample surface during the scanning. 

- Contact mode: The mode uses the repulsive forces based on Pauli exclusion principle. 

As the tip is raster-scanned across the surface, the cantilever deflects because of the 

surface roughness. The contact mode maintains a constant deflection to keep the force 

between the tip and the surface constant. 

- Non-contact mode: Non-contact mode AFM does not suffer from tip or sample 

degradation when using contact-mode AFM. However, this mode uses the attractive 

forces which are quite low and require very low-noise environment. 

For this work, a Veeco Dimension 3100 is used to investigate the surface 

morphology of nitride layers. All measurements were performed using the tapping mode. 

In addition to the sample surface topography, AFM allows roughness calculation through 

the root mean square (RMS) which is given by: . This parameter 

indicates the standard deviation of the sample height within the total surface. 

 

2.4 Optical properties investigation 

Spectroscopic ellipsometry: Spectroscopic ellipsometry (SE) is a non-destructive optical 

technique used for analysis and metrology. The technique allows the accurate 
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characterization of thin film layers through the calculation of the refractive index, 

extinction coefficients, alloy composition, anisotropy, roughness, and uniformity. 

To investigate the optical properties of boron-based material, several samples 

have been analyzed with UVISEL phase-modulated ellipsometer (from HORIBA 

Scientific). The UVISEL ellipsometer instrument is shown in Figure 25 [8]. The basic 

components are: a Xenon lamp as a light source covering a large spectral range, a 

polarizer to establish a linear polarization, a photoelastic modulator to induce a 

modulated phase shift of the reflected beam, an analyzing polarizer to resolve its 

polarization state, a grating monochromator, and a detector [8]. 

 

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

 

Spectroscopic ellipsometry operates by measuring the change in the light 

polarization state before and after reflection upon a surface. The method measures two 

ellipsometric angles Ɋ and ȹ. They are related to the ratio of the Fresnel amplitudes 

reflection coefficients of the sample, as shown in Equation 27. 

 

where (rp, rs) are the Fresnel reflection coefficients for parallel and perpendicular 

polarization of light, respectively. The Ɋ and ȹ refer to amplitude and phase changes of 

the ellipsometric ratio, respectively. Ɋ and ȹ depend on different parameters, such as the 
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layer thicknesses, the optical properties of each layer, and the incidence angle (usually 

taken between 65 and 75°). The used ellipsometer evaluates (Is, Ic), which are linked to 

(Ɋ, ȹ), as shown in Equations 28 and 29. 

 

 

The data measurement was performed over the range [250 - 800nm] under a 70° 

incidence and at room temperature. 

This measurement technique is information-rich. However, it is indirect, which 

means that the measured quantities need to be compared or fitted to data generated from a 

model representing the sample. This modelisation was performed using DeltaPsi2 

HORIBA Jobin Yvon software. 

Photoluminescence: Photoluminescence spectroscopy is an extremely powerful optical 

analysis technique to measure the optical bandgap of semiconductor layers, their purity, 

and their crystalline quality. 

Photoluminescence refers to the process of photon excitation followed by photon 

emission. In fact, a laser beam with an energy greater than bandgap energy is focused on 

the layer. The photons will be absorbed and thereby raise an electron from the valence 

band up to the conduction band, creating a hole in the valence band. In this process of 

photoexcitation, the electron loses its energy excess up to the lowest energy in the 

conduction band. The excess energy dissipation is presented in Figure 26 as the 

nonradiative relaxation. Then, the electron falls back down to the valence band through a 

radiative recombination involving a photon emission near the bandgap energy. The 

radiative process also involves defect levels with respect to nonradiative transition. The 

photoluminescence intensity can be used to identify the density defects. Reference [105] 

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

 

All the PL measurements were performed in a continuous system. A CW Argon-

Ion laser generates up to 2W light between 458 and 528nm. BBO crystals were used to 

produce deep-UV CW light. The light is focused onto the sample. The luminescence is 

analyzed using a spectrometer from Horiba Jobin Yvon equipped with a Synapse CCD 

detector and a photomultiplier tube. Additionally, a LN2-cooled cryostat from Janis 

Research can be used to perform low temperature measurements down to 66°K. 

Fourier transform infrared spectroscopy: In comparison to dispersive techniques, for 

which each wavelength is detected at a time, fourier transform infrared spectroscopy is a 

fast and sensitive method to measure absorption in materials. FTIR can be noticeably 

very useful in Bragg mirrors reflectivity calculation or thin films transmission over a 

wide spectral range. 

All the FTIR measurements presented in this project were performed by a Bruker 

Vertex 80V. The technique is based on the actively aligned UltraScan interferometer, 

which provides peak spectral resolution. The Vertex 80V is an evacuated optics bench 

that can eliminate atmospheric moisture absorptions for ultimate sensitivity and stability. 

That enables high resolution and UV spectral range measurements. The spectrometer 
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operates with three sources and three detectors enabling wide spectral range experiments 

(200nm - 10 ɛm) [106]. 

The basic principle of a FTIR spectrometer is explained as following: a light 

generated from a spectrally wide source passes through an interferometer. The specific 

frequency is absorbed when the interferogram signal is transmitted through a sample after 

few reflections and transmissions into the beamsplitter and the moving/fixed mirrors. As 

the detector interferogram cannot be directly interpreted, Fourier transform is applied. 

The raw data is represented by the absorbance (or transmittance) versus wavenumber. 

Spectrophotometry: The DBR reflectivity analysis was performed on a dispersive dual 

beam UV/Visible Lambda 950 by Perkin-Elmer, which is more efficient than FTIR in the 

deep-UV region. The measurements of the film transmission and reflection were 

performed in the ultraviolet, visible, and near-infrared spectral range (200 - 900nm). The 

spectrophotometer is equipped with two different radiation pre-aligned sources: a 

deuterium UV lamp and a tungsten filament lamp for the visible and infrared spectral 

range, respectively. Depending on the spectral range to analyze, two detectors are used.  

A photomultiplier R6872 is used for high energy in the whole UV/Vis wavelength 

range, and a peltier cooled PbS detector is applied for near Infrared (NIR). The spectral 

resolution are 0.2nm and 0.05nm in the NIR the UV/visible range, respectively. 

However, for all the performed measurements, one nm was used, which was widely 

enough. 

This spectrophotometer can operate in transmission and reflection modes. 

Furthermore, the system can also be equipped with a universal reflectance accessory 

(URA) for variable angle specular reflection for thin layers films. A 150 mm integrating 

sphere can also be used for diffusive samples (in both reflection and transmission). 

This system was mainly used for boron-based materials such as BGaN and BAlN 

with significant diffuse reflectance components. Therefore, using the integrating spheres 

was paramount. Samples are placed at the back of the sphere and the light is reflected 
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back off the sample and collected by the sphere. Measurements typically provide the total 

reflectance (Figure 27a) and the diffuse reflectance (specular excluded) portion (Figure 

27b). Both total and diffuse reflectance can be measured independently. The latter 

measurement is achieved by allowing the specular component to exit the sphere through 

the open specular port [107]. The specular reflectance is measured by deducing the 

diffuse reflectance from the total data. 

  

(a) (b) 

Figure 27: Measurement of (a) the total ref lectance and (b) the diffuse reflectance (specular 

excluded) using an integrating sphere.  

 

Raman spectroscopy: Raman spectroscopy is a non-destructive technique based on the 

light inelastic scattering phenomenon generated from the excitation of vibrations in 

molecular and crystalline materials. Raman coupling with optical microscopy allows 

probing reduced volumes in the investigated sample. As is is not a resonant process, the 

probability that the transitions between the excitation and detected energies to occur is 

very low [108]. 

Despite the fact that the technique was first demonstrated in 1928 by C.V. Raman, 

it was only intensively used in the seventies thanks to the development of high-intensity 

lasers with excellent monochromaticity. As a matter of fact, a single line of a continuous 

laser source forms the excitation part. 

Raman spectroscopy technique is very sensitive to molecular and crystal 

structure. That enables an accurate measurement of the crystallinity of the nitride layers, 
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identifying noticeably if the grown films are polycrystalline. This feature will be used for 

BAlN films (Chapter 5). 

The basic principle of Raman spectroscopy is as following: regarding the 

investigated sample, an intense laser beam in the UV, visible, or infrared range impinges 

on the sample. This sample illumination generates an electric field distorting the sample 

electron clouds, leading to some energy storage. The energy will be then reradiated at the 

same frequency than that of the incident excitation light, referred as Rayleigh scattering. 

Another part of the stored energy is then transferred to the sample and leads to an 

excitation of the vibrational modes. The vibrational energies are deduced from the energy 

of the incident beam, and weak side bands appear in the spectrum forming the Raman 

lines [108]. 

 

2.5 Electron emission and mass spectroscopies 

Secondary ion mass spectrometry: SIMS is a widely used analytical characterization 

technique for analysis of semiconductor alloys. The technique is a very sensitive surface 

analysis able to detect low concentrations of atoms such as impurities or dopants at the 

part-per billion (ppb) levels. It can also provide a wide range of elemental depth profiles 

by drawing different elements concentrations as a function of depth. Interface quality, 

and layer thickness can also be observed empirically. 

SIMS operates by bombarding the sample surface with a primary beam of high 

energetic ions (1-30 KeV) such as O2
+
, Cs

+
, Ar

+
, or Ga

+
 to produce physical damage and 

sputter charged and un-charged species. In opposition to high sputtering mode used for 

depth profiles, static SIMS is performed when the sputtering rate is extremely low. That 

enables the entire analysis to be performed while consuming less than a tenth of an 

atomic layer. Sputter rates mainly depend on sample material and primary beam intensity 

and fall in a range from 0.5 to five nm/s [109]. 
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The ejected secondary ions are extracted, energy filtered, and fed into a mass 

spectroscopy system to count the ions at each step (in ions per second). The number of 

ejected ions per incident primary ion is called the secondary ion yield. At the end of the 

sputtering, the sputtered depth crater is measured to draw the depth profile. 

SIMS can also be used for quantitative analysis by using relative sensitivity 

factors defined according to the following equation [109]: 

 

where IE and IR are the secondary ion intensity for the element of interest and a reference 

element. CE and CR are the concentration of the element of interest and the reference 

element. RSFE is the relative sensitivity factor for element E which needs very accurate 

calibration. 

SIMS is extremely powerful technique and widely used for thin films materials. 

However, it presents few limitations: 

- The technique is locally destructive. 

- The exact incorporation in the ternary or quaternary alloys is very difficult to obtain. 

- The technique suffers from mass interference problems. 

X-Ray photoelectron spectroscopy: The major purpose of the non-destructive 

Photoelectron spectroscopy is to study the composition and electronic state of a sample. 

The technique is based on photo-ionization and analysis of the kinetic energy distribution 

of the emitted photoelectrons. 

The basic components of XPS tool are an X-ray source of fixed-energy, an 

electron energy analyzer, electronic controls, and a high vacuum system to avoid surface 

reactions and contaminations. XPS technique uses monochromatic sources of radiation 

and is based upon a single photon in / electron out process. The X-rays penetrate the 

sample reaching a depth of a micrometer, and the emitted photon is absorbed by an atom 

in the sample. That results on the ionization and the emission of a core-level (inner shell) 
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electron. The number of emitted photoelectrons as a function of their kinetic and binding 

energy refers to the kinetic energy distribution. It can be measured using an appropriate 

electron energy analyzer and enable the determination of the photoelectron spectrum. 

In addition to the energy analysis of the emitted photoelectrons, the analysis of 

auger electrons can also be performed in XPS. In fact, an outer electron fills the core hole 

when the core electron is ejected by the X-ray radiation. Consequently, an Auger electron 

is emitted to balance the energy of this transition [110, 111]. 

All the XPS measurements performed in this study were carried out in LGEP 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 DBR reflectivity and bandwidth determine the VCSEL performances, the basic 

parameters and equations governing the DBRs characteristics are summarized in this 

section. 

Originally known as "quarter-wave mirrors", this structure was renamed to 

"distributed Bragg reflector", referring to the Bragg's law that describes the diffraction of 

X-rays at atomic planes (Equation 25). The Bragg's law was introduced in Chapter 2 to 

describe the interference pattern of X-rays scattered by crystals. The diffraction can be 

applied with any beam: electrons, ions, protons, and neutrons. In the case of DBRs, 

photons are interacting with periodic interfaces in heterostructures. The sum of the 

reflected part of the incident electromagnetic waves on the different interfaces gives the 

reflectivity of the DBR structures [34]. A more detailed description of the calculation of 

the DBR reflectivity will be presented in next sections. 

A DBR is a periodic multilayer structure with a unit cell formed by two quarter-

wave layers, alternating layers of low (nL) and high (nH) refractive index material. 

The reflectivity of a mirror is a function of the refractive index variation between 

both layers forming the stack and the number of periods (m). A simple formula can be 

used to calculate the DBR theoretical reflectivity, as shown in Equation 31. 

 

This theoretical calculation assumes that the different layers forming the DBR 

stack are quarter wavelength (ɚ/4n thick). This feature guarantees constructive 
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interferences and leads to a maximum reflectivity value. The above equation for peak 

reflectivity is true at a normal incidence and at the central wavelength ɚBragg. The 

experimental reflectivity is usually lower than the theoretical calculation as the layers 

absorption, the interfaces quality, and the surface roughness affect the real measure. A 

detailed calculation of the reflectivity simulation as a function of the wavelength and the 

number of periods wil l be given in Section 3.2.1. 

As mentioned in the previous chapters, because of their short amplification 

lengths, VCSEL devices require reflectivity exceeding 99% to overcome the different 

losses and reach the threshold. The high reflectivity can be achieved either by increasing 

the number of periods or by selecting materials with high refractive index contrast ȹn. 

Consequently, intensive efforts will be performed in next chapter to study the optical 

properties of boron-based materials. These materials can present an efficient solution for 

new-generation DBR structures in the UV range. 

Given the difficulties in growing a uniform active region, a DBR structure with a 

wide bandwidth is fundamental for a better efficiency of the laser device structure. In 

fact, the electroluminescence peak of the active region has to be aligned with the DBR 

reflectivity within its stopband [41]. The bandwidth is complicated to express and use 

analytically, because it depends on many parameters. The parameters include the number 

of layers, the central wavelength, and mainly the refractive index of both materials. The 

spectral width of the stopband can be approximated by the Equation 32. 

 

where neff is given by: 

 

Another important parameter that has to be taken into consideration is the 

penetration depth of the optical mode. The penetration depth defines the partial 
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penetration of the optical wave in the reflector. This parameter significantly increases the 

cavity length and cavity order and consequently the mode spacing [41]. Equation 34 

gives the penetration depth into the reflector: 

 

To reach a high reflectivity in distributed Bragg reflectors, it is of prime 

importance that there is no residual light absorption of the incident wave within the 

structure. Therefore, a good choice of the materials selection is fundamental in the DBR 

design. 

In addition to VCSEL devices, the realization of highly reflective nitride Bragg 

reflectors is a first step toward the development of other optoelectronic devices. They 

include Fabry-Perot modulators, high finesse microcavities, and resonant-cavity light-

emitting diodes (RCLEDs). In fact, DBRs can be used to improve the light extraction 

efficiency of light-emitting diodes and obtain narrow and directional emission. The 

mirrors can be multilayered-dielectric or epitaxially-grown DBRs. 

 

3.1.1 Epitaxial DBRs 

A state-of-the-art of the nitride DBR structures was summarized in Section 1.4. The 

different nitride systems that can be used to develop mirrors in the UV range were 

reported. In fact, the most conventional system is undoubtedly AlGaN/AlGaN system. 

However, the demonstration of a highly reflective structure with a broad bandwidth in the 

UV range has been proved to be challenging. 

The basic dynamic in AlGaN-based structures is that material quality is affected by large 

lattice mismatches. Nevertheless, reduced lattice mismatches result in a large number of 

periods and also a limited bandwidth. The introduction of the boron-based DBR 

structures can overcome some of the issues related to the limited refractive index contrast 

and reduced bandwidth. 
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This research will be largely detailed in the following sections. In fact, the growth 

and study of optical properties of the boron-based materials and their integration in DBR 

stacks will be described in Chapter 4 and Chapter 5, respectively. 

 

3.1.2 Dielectric DBRs 

In contrast to the bottom DBR, the top mirror is conventionally a dielectric one. These 

materials take advantage of their relative ease of deposition and their high refractive 

index contrast. A plasma-enhanced chemical vapor deposition reactor (PECVD) is 

generally used for the deposition of dielectric materials. The large refractive index 

contrast leads to thin structures since only few periods are needed to reach 99% 

reflectivity. In the optical pumping configuration, a laser pumping through the dielectric 

mirror is fundamental. To limit the reflectivity of the pump wavelength, a specific design 

of this dielectric mirror may be necessary. 

As mentioned in the first chapter, the typical round-trip gain in a VCSEL cavity is 

of the order of few percents. To achieve the lasing threshold, the total cavity losses, 

including the mirror losses, have to be maintained below this value. Assuming a 99.9% 

bottom epitaxial mirror, and negligible intra-cavity loss, at least ~ 98% reflecting 

dielectric DBRs are required for the top UV-mirrors. The high reflectivity implies that the 

extinction coefficient k of the amorphous dielectric materials must be very low at the 

emission wavelength. 

From the first dielectric DBR structure which was developed in the early 1950's in 

the visible range using ZnS/MgF system, intensive efforts were performed to reach 

highly reflective DBRs. The conventional SiO2/SiON system has been already proposed 

and proved to be efficient to fabricate planar microcavities in the 340nm - 390nm 

wavelength range [112, 113, 114]. Other dielectric systems can also be used for UV 

DBRs such as SiO2/HfO2, SiO2/Si3N4, and SiO2/ZrO2 systems. The SiO2/HfO2 and 

SiO2/Si3N4 systems are often used to realize low-loss highly reflective mirrors, mostly at 



 61 

wavelengths above 300nm [34, 115, 116]. Only few reports of DBR structures were 

reported in the 250nm-300nm range. A reflectivity close to 99% has been reported at 

250nm wavelength using SiO2/HfO2 material system [117]. Therefore, this system can be 

applied to fabricate VCSEL devices at deep-UV range. 

While the semiconductor-based mirrors are expected to present very low optical 

losses, the extinction coefficient of HfO2 may reach 10
-3

 in the 200nm - 300nm UV-

range. This feature can be explained by the deposition of a sub-stoechiometric (O/Hf < 

2/1) material. In addition to SiO2/HFO2 system, SiO2/Al 2O3 and MgF2/Al 2O3 systems can 

also offer highly reflective mirrors. These systems are interesting alternatives, as they 

will be less prone to optical absorption in comprison to the previous system. This feature 

can be explained by the wide bandgap of the considered materials [118]. However, in 

comparison to SiO2/HFO2, the refractive index contrast of these systems is smaller, which 

leads to a narrower mirror stopband. Therefore, a larger number of pairs to achieve 98% 

reflectivity is required. 

Table 5 summarizes the properties and the potential performances of the different 

materials that can be employed in the final structure for DBR structures at 280nm. 

 

Table 5: Performances of dielectric DBR mirrors. 

Low-index material 

(refractive index, 

n@280nm) 

High-index material 

(refractive index, 

n@280nm) 

Number of pairs for R>99% 

at 280nm 

SiO2 (n=1.5) Hf02 (n=2.1) 8 pairs 

SiO2 (n=1.5) Al 2O3 (n=1.8) 15 pairs 

 

In conclusion, according to the preliminary simulations, HfO2/SiO2 is one good 

solution to develop the top dielectric Bragg mirror. Several other candidates can be 
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employed in the final structure as well. However, in this dissertation, the dielectric 

mirrors won't be developed further. 

 

3.2 Software design and realization 

To estimate the level of performance of the various components of a VCSEL structure, 

computer simulations are used in the design of the final device. For this purpose, various 

commercial software such as Pics3d or Silvaco were tested. However, their lack of 

flexibility makes them difficult to use. In fact, with these commercial software, it is very 

difficult to add the experimental parameters of boron-based materials such as refractive 

index and energy-bowing parameter. Therefore, the development of a local software was 

fundamental. Toward this end, the Matlab environment was used. Furthermore, in 

contrast to commercial software, making our own numerical models and software offers 

us a deeper understanding of the physics involved. 

 

3.2.1 III-N-match software  

The first developed software is named III-N-match. It gives (a) the lattice mismatch of all 

ternaries and quaternaries III-N materials with respect to all available substrates, (b) the 

relaxation critical thickness, (c) the refractive index, (d) the X-ray diffraction expected 

diffraction peaks, and (e) the bandgap of the different alloys using up to date 

experimental energy-bowing parameters [33]. Furthermore, the software performs the 

reciprocal calculations. This means that starting from the measured bandgap of any 

ternary or quaternary III-N alloy, XRD peak, or lattice parameter, III-N-match is able to 

calculate the corresponding materials compositions. A schematic of the III -N-match 

software is shown in Figure 28. The equations used to calculate the various parameters in 

this software are extracted from [31, 35, 119]. 
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Figure 28: Designed software III-N-match. 

 

For instance, different methods were reported to calculate quaternary alloy 

bandgap parameters from those of the underlying binary and ternary materials. The 

interpolation approach was used to guarantee good results. The approach was introduced 

by Glission et al. [120]. This approximation can be applicable to all III-nitrides 

quaternaries. Equation 35 illustrates the bandgap calculation for BxAl yGa1-xN quaternary 

[31]. 

 

where , , and . The ternaries bandgaps 

have to take into consideration the different nitride bowing parameters, 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 great importance to 

characterize the behavior of the overall VCSEL structure. The reflectivity was simulated 

using the standard transmission matrix theory through a second software called Reflector.  

A more detailed description of the calculations is given in [121, 122]. The method is 

based on a matrix formulation of the boundary conditions, derived from Maxwell's 

equations. Starting from a multilayer structure with different refractive indexes, the sum 

of the intensities of electromagnetic field at the i-th boundary is equal to the sum of the 

field intensities at the next boundary multiplied by the phase shift. These two expressions 

give the refraction (Equation 36) and the phase (Equation 37) matrices. 

 

where the optical admittance at the i-th layer is Yi, and űi is the phase shift caused by the 

transmission of the field through the i-th layer. In fact, each layer is described by a phase 

matrix and each interface by a refraction matrix. The optical transfer function of the DBR 

is given by the product of the different phase and refraction matrices (Equation 38). 

 

where ER and EL present the right- and left-going waves (Figure 29) and S (sij) is the 

optical transfer matrix. 
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Figure 29: Electromagnetic wave incidenting on the DBR structure. 

 

Finally, the reflectivity is given in Equation 39. 

 

To achieve high reflectivity in conventional AlGaN-based DBRs, it is 

fundamental to have a large refractive index contrast between the layers forming the 

DBR. However, as mentioned in the previous chapters, the DBR design must carefully 

balance competing trade-offs when using conventional AlGaN materials between 

refractive index, materials absorption, and lattice mismatch. But, one major factor that 

has to be taken into account is the in-plane lattice, as it induces dislocations and cracks in 

the structure. Consequently, designing strain-free mirrors is of paramount importance for 

VCSEL devices. The different zero-stress approaches were investigated. The calculations 

were based on J. Zhang et al. article [123] and J.M. Bethoux PHD thesis dissertation 

[124]. They investigated the concept of strain balance for a two-layer system by studying 

the in-plane stress from an elastic theory. 
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For a specific layer, the elastic energy by unit surface is given in the following 

equation: 

 

where h is the thickness, Ů is the deformation of the layer (Equation 41), and M is the 

biaxial module of the material as a function of the different stiffness coefficients, as 

shown in Equation 42. The stiffness coefficients are presented in Table 9 (Appendix A). 

 

 

According to the elastic energy theory, the elastic energy of the whole structure is 

the sum of the energy for each layer. The minimum strain is obtained when the energy is 

minimized, which requires that the derivative of Eelast is equal to 0. 

The minimum strain is achieved when the structural quality of the DBR is 

maintained by compensating the compressive and tensile stress. Equation 43 describes 

the relationship between the lattice parameter of the relaxed substrate, the first layer (a1), 

and second layer (a2), to get a strain-free structure. Using this approach, the software 

allows an accurate calculation of the different lattice parameters and as a further step the 

required alloys content to obtain strain-free structure. 

 

Some DBR simulations were also performed to investigate asymmetric DBR 

structures. For instance, for the development of AlN/GaN DBR structure on AlN 

template, structures using 3ɚ/4 AlN and ɚ/4 GaN layers were proposed by Ng et al. [65]. 

However, the peak reflectivity and the stopband width are reduced in these asymmetric 

structures. 
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Consequently, a large number of periods is needed to achieve highly reflective 

DBRs, which makes this solution not very efficient. This approach is further described in 

Section 3.3.1. 

Figure 30 presents the Reflector software. Starting from the calculated refractive 

index for BGaN, BAlN, and AlGaN, the software is able to predict the different 

thicknesses, the expected reflectivity, and the DBR bandwidth. Furthermore, the software 

allows the development of strain-free DBR structures by selecting the optimum alloys 

compositions of the two layers forming the DBR stack. This feature will be further 

developed in Chapter 5 when BAlN/AlGaN DBRs will be introduced. 

 

Figure 30: Designed software for strain-free mirrors.  

 

3.3 Simulation of the epitaxial distributed Bragg reflectors 

As explained earlier, because of the limited relaxation thickness, the number of periods is 

limited in the AlGaN-based structures. The highly reflective structures suffer usually 

from cracks and dislocations. Therefore, several solutions were proposed. The first 
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solution is to use multiple AlN interlayers to compensate for the tensile strain in 

GaN/AlGaN Bragg mirrors. This approach has shown a good efficiency and 99% 

reflectivity was achieved at 410nm [67]. Another interesting solution was the insertion of 

AlN/GaN superlattice stacks in the reflector structure. Several positions for these SL 

insertion stacks have been reported with good results: either prior to the growth [125] or 

periodically in the whole Bragg mirror structure [126]. The latter solution allowed the 

development of the first GaN-based electrically-pumped VCSEL structure emitting near 

462nm and operating in continuous wave at 77K [61]. However, in these structures, fully-

strained compounds are difficult to achieve. This relaxation would affect the surface 

quality of the mirror especially if a regrowth of an active region is planned. 

One additional important approach is to use asymmetrical design. In fact, 

previous works have shown that asymmetrical design could be an efficient solution for 

the realization of Bragg mirrors using highly lattice-mismatched materials [9, 127]. Such 

asymmetrical design should avoid the crystal relaxation and therefore results in the 

development of a high-surface quality adapted for epitaxial regrowth. In this section, 

asymmetrical designs were investigated to realize AlGaN/GaN mirrors without 

relaxation. Based on the critical thickness, several AlGaN/GaN mirror structures were 

simulated with various Al content and degrees of asymmetry. Such calculations showed 

the possible design of highly reflective fully-strained Al xGa1-xN/GaN mirrors in the near-

UV wavelength range. Finally, because of the combination between refractive index and 

critical thickness evolution, the best suited Al molar fraction in AlGaN alloy changes 

with the operating wavelength. 

 

3.3.1 Asymmetric AlGaN-based DBR designs 

When materials used in a Bragg mirror are lattice-matched, there are no particular 

crystalline limitations for its development, and the total thickness would not present any 

issue to reach the aimed reflectivity. However, for strained materials system, the critical 
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thickness prevents the achievement of crack-free high-reflectivity structures. The critical 

thickness will be described in Section 4.3.2. To overcome this issue, asymmetrical DBR 

designs were proposed few years ago [9, 127] wherein the total optical length of the pair 

of layers is kept equal to ɚ/2. Within a pair, an asymmetry factor (t) is introduced to 

minimize the strain by adapting the thicknesses to keep light reflections in phase at each 

pair interface. A schematic description of such asymmetrical design is given in Figure 31.  

 

Figure 31: Schematic description of an asymmetrical DBR (from [9]). t (0<t<1) is the asymmetry 

factor. d1 and d2 are the quarter-wavelength optical thicknesses of the strained material and the 

lattice-matched one, respectively. The total optical thickness is ɚ/2. 

 

If d1 and d2 are the quarter-wavelength thicknesses, the optical thicknesses e1 

and e2 of the materials in the asymmetrical structure will be the following: 

 

 

Asymmetrical DBRs exhibit a lower maximum reflectivity and a smaller 

bandwidth than conventional symmetrical quarter-wavelength mirrors with the same 

number of periods. These properties can be essentially explained by the fact that the light 

reflections, occurring at the interfaces between strained and lattice-matched layers, are 

not in phase with others, as illustrated in Figure 31. 
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The AlGaN refractive index is a function of the wavelength and the Al molar 

fraction. The dispersion of such index values depending on the aluminum content is 

extracted from [5]. 

The higher is the Al molar fraction, the higher is the index contrast with GaN. 

Moreover, AlGaN alloys are tensively strained on GaN, and their critical thickness 

decreases rapidly when the Al molar fraction increases. Therefore, it is fundamental to 

find the best compromise between refractive index contrast and strain to maximize the 

optical performances of the asymmetrical AlGaN/GaN DBRs. Bragg mirror reflectivities 

were calculated by taking into account the AlGaN refractive index dispersion and 

absorption. 

Figure 32 presents the maximum reflectivity that can be theoretically obtained as 

a function of the asymmetry factor for different AlGaN/GaN DBRs with different Al 

content, i.e. 15%, 20%, 30%, and 40%. The structures were centered at ɚB = 450nm. The 

choice of 450nm was imposed to prevent any absorption coming from the GaN layers, 

suggesting more accurate simulations. Although the Al 0.4Ga0.6N/GaN system exhibits the 

largest index contrast, it is also the one that requires the lowest asymmetry factors to 

achieve equivalent reflectivity compared to the other materials stacks. Consequently, it 

appears that Al 0.4Ga0.6N/GaN is the least suitable materials couple among the different 

systems shown in Figure 32. Similarly, Al 0.15Ga0.85N/GaN and Al 0.3Ga0.7N/GaN systems 

appear to be less suitable than Al 0.2Ga0.8N/GaN for this application. Indeed, for R = 80%, 

t is equal to 0.13 and 0.14 for Al 0.3Ga0.7N/GaN and Al 0.15Ga0.85N/GaN, respectively, 

while it is equal to 0.15 for Al 0.2Ga0.8N/GaN. Similar results are found regardless the 

desired maximum reflectivity at 450nm. Indeed, for R = 60%, the t values increase, i.e. 

0.18, 0.19, and 0.20, for Al 0.15Ga0.85N/GaN, Al 0.3Ga0.7N/GaN, and Al 0.2Ga0.8N/GaN, 

respectively. Therefore, we conclude that the combination between critical thickness and 

refractive index contrast leads to different optimum Al molar fractions as a function of 

the central wavelengths. 
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Figure 32: Theoretical maximum reflectivity of asymmetrical strained AlGaN/GaN DBRs centered at 

450nm as a function of asymmetry factor t for four different Al compositions: 15%, 20% , 30%, and 

40%. 

 

The evolution of the asymmetrical factor required to achieve a given reflectivity 

at different wavelengths as a function of the Al molar fraction in AlGaN was then 

studied. Results obtained for R = 80% and R = 60% at two different centered 

wavelengths ɚB = 450nm and ɚB = 400nm are presented in Figure 33. This figure clearly 

illustrates that there is a best suited Al molar fraction in AlGaN depending on the DBR 

center wavelength. This fraction decreases with the wavelength. For instance, for ɚB = 

450nm, the largest asymmetrical factors are obtained for an Al fraction of 20%, whereas 

this value is lowered to 12% at ɚB = 400nm. As expected, the asymmetrical factors for 

Al 0.12Ga0.88N/GaN materials couple are larger than those for Al 0.2Ga0.8N/GaN. This 

feature indicates that the asymmetrical design of AlGaN/GaN DBRs is more appropriate 

for short wavelengths. 
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Figure 33: Asymmetry factor necessary to achieve reflectivities of 60% (dashed lines) and 80% (solid 

lines) in asymmetrical fully-strained AlGaN/GaN DBRs centered at ɚB = 450nm and ɚB = 400nm as 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 maximum reflectivity expected. 
 

The last parameter studied in this work was the bandwidth. This value was 

investigated using the transfer matrix model and was defined earlier. Figure 34 presents 

the variations of the bandwidths of Al 0.12Ga0.88N/GaN and Al 0.2Ga0.8N/GaN fully-strained 

asymmetrical DBRs centered at 400nm and 450nm, respectively, as a function of the 

asymmetry factor. The central wavelength was chosen as the best suitable value for each 

materials system, as determined in Figure 33. As expected, the bandwidth is strongly 

influenced by the asymmetry factor and dramatically decreases with the asymmetry. 

However, because of the limited AlGaN critical thickness grown on GaN, the greater the 

asymmetry factor is, the lower the number of pairs is. This feature results in a low 

maximum reflectivity. The two best suitable asymmetrical factors for both previously 

defined material systems are also reported in Figure 34. However, the calculated 

bandwidths are still very low (< 5nm), which is the major handicap of these fully-strained 

asymmetrical AlGaN/GaN DBRs. Another important handicap is the significant number 

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

unrealistic. In conclusion, this solution can not be efficient in the development of high-
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reflectivity DBRs in the UV range. Therefore, the investigation of new boron-based 

materials is fundamental. This innovative approach is presented in next section. 

 

Figure 34: Stopband width as a function of asymmetry factor for GaN/Al 0.2Ga0.8N and 

Al 0.12Ga0.88N/GaN DBRs. The centeral wavelengths are 400nm for Al0.12Ga0.88N/GaN and 450nm for 

Al 0.2Ga0.8N/GaN as the best suitable determined in Figure 33. The full circles represent the 

bandwidth of R =60% DBRs. 
 

3.3.2 Symmetric boron-based structures 

In the previous section, the asymmetrical DBR design is presented to overcome the issue 

of the limited refractive index combined to the limited AlGaN critical thickness. 

However, this approach cannot be applied because of the significant number of periods 

required to achieve high-reflectivity structures and the limited bandwidth. 

Therefore, in this section, different nitride systems are investigated for the development 

of DBR structures in the near-UV and UV region. First, the conventional AlGaN-based 

structures are described. Then, boron-based structures will be investigated using the 

Reflector software. All the simulations performed in this study use experimental 

refractive index values, which will be described in next chapter. 

AlGaN-based DBRs: As mentioned earlier, the AlGaN-based structures suffer from high 

dislocation density and cracks because of the large lattice mismatch between GaN and 

AlN materials. In the near-UV region, the AlGaN/GaN is undoubtedly the most common 

system. However, the limited refractive index limits the peak reflectivity. Figure 35 
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presents the required aluminum content in the Al xGa1-xN layer as a function of the 

number of periods to achieve 99.9% reflectivity at 400nm. 

 

Figure 35: Required aluminum content in AlxGa1-xN/GaN DBRs versus number of periods to reach 

99.9% reflectivity at 400nm. 

 

The DBR simulations, shown in Figure 35, do not take into consideration the 

large lattice mismatch. This issue will be deeply described in next chapter by introducing 

the AlGaN critical thickness grown on GaN template. With the difficulty to develop thick 

AlN/GaN structures, it is fundamental to use low aluminum content. However, the 

number of periods to achieve 99.9% reflectivity will be very high. For instance, 42 

periods are theoretically required to achieve 99.9% reflectivity using Al 0.5Ga0.5N/GaN 

system. 

To reach short wavelength, GaN materials are too absorbent and cannot be used 

anymore. Therefore, AlGaN/AlN systems are required. Figure 36 presents the required 

aluminum content in the Al xGa1-xN layer as a function of the number of periods to 

achieve 99.9% reflectivity at 280nm. The theoretical calculation does not take into 

consideration the attenuation caused by the surface roughness or by the presence of 

cracks and dislocations. 
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Figure 36: Required aluminum content in AlxGa1-xN/AlN DBRs versus number of periods to reach 

99.9% reflectivity at 280nm. 

 

It is observed that it is impossible to achieve 99.9% reflectivity with less than 30 

periods. For instance, using Al 0.7Ga0.3N/AlN system, 40 periods are required to achieve 

99.9% at 280nm. Figure 37 presents the theoretical reflectivity as a function of 

wavelength for a 40-pair Al 0.7Ga0.3N/AlN DBR structure centered at 280nm. In addition 

to the issues related to cracks and dislocations, one major issue is related to the limited 

bandwidth. In fact, the bandwidth does not exceed 13nm in such systems. 

 

Figure 37: Simulated reflectivity spectrum of 40-pair AlN/Al 0.7Ga0.3N DBR at 280nm. 
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Toward the difficulty to reach high-reflectivity large-bandwidth DBRs with high 

structural quality in the UV region, the development of new boron-based materials is 

fundamental. 

BGaN/GaN DBRs: First, BGaN materials were associated with GaN materials to achieve 

high-reflectivity structures. These structures take advantage of the previously reported 

large refractive index contrast [7]. Figure 38 presents the theoretical maximum 

reflectivity for B0.013Ga0.987N/GaN DBR calculated using the measured BGaN dispersion 

model. It is compared to Al 0.22Ga0.78N/GaN and lattice-matched Al 0.82In0.18N/GaN [79] 

structures. This figure illustrates the possible use of BGaN/GaN DBRs as an alternative 

of the conventional AlGaN/GaN structures. 

 

Figure 38: Theoretical maximum reflectivity for Al 0.82In 0.18N/GaN, GaN/B0.013Ga0.987N, and 

Al 0.22Ga0.78N/GaN as a function of number of pairs. 

 

In fact, as confirmed in the simulations, the BGaN/GaN systems can displace the 

conventional AlGaN/GaN structures with low aluminum content. It is observed that with 

only 1.3% boron incorporation in the GaN layers, higher reflectivities in comparison to 

the Al 0.22Ga0.78N/GaN system with equivalent number of periods are achieved. 

Additionally, thanks to the low lattice mismatch which does not exceed 0.2%, these 

structures suffer less from crack and dislocation issues. However, the BGaN based 

structures can not achieve the performances that can be reached using lattice-matched 
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Al 0.82In0.18N/GaN systems. That is explained by the fact that their refractive index 

contrast is higher than in BGaN/GaN system. Nevertheless, the AlInN based structures 

are not practical, mainly because of the different growth temperatures between materials 

forming the stack. This feature makes the development of such mirrors too time-

consuming. 

BAlN/AlN DBRs: The BGaN-based structures can theoretically achieve highly reflective 

DBR structures with a small number of periods, as shown in Figure 38. However, 

because of their low bandgap energies, these material systems cannot be used in the deep-

UV region. Driven by the demonstrated large refractive index contrast with the boron 

incorporation in the AlN layers and the BAlN transparency, BAlN materials can be used 

to develop DBR structures in the deep-UV range. In this chapter, no information about 

the boron content in the solid phase will be given, as this study will be detailed in next 

chapter. Indeed, the boron content will be only reported in the gaseous form. Figure 39 

presents the theoretical reflectivity as a function of the number of periods for BAlN/AlN 

DBRs for different TEB/III ratios. The central wavelength is 280nm. 

 

Figure 39: Simulated reflectivity versus number of periods for a BAlN/AlN DBR for different 

TEB/III ratio. The central wavelength is 280nm. 

 

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

material technology. For instance, with only 10-pair BAlN/Al N DBR, 90% reflectivity 
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can be achieved. These high reflectivities, combined to the BAlN transparency in the 

deep-UV region, confirm the possible use of BAlN-based structures for deep-UV DBR 

applications. The theoretical reflectivity dispersion of a 30-pair BAlN/AlN DBR centered 

around 280nm is shown in Figure 40. It is shown that 99.9% reflectivity can be 

theoretically achieved with only 30 periods. The large bandwidth of such structures is 

another major advantage. For instance, the bandwidth exceeds 22nm in the following 

BAlN/AlN  structure. This study illustrates the potential of the BAlN materials in the 

development of DBR structures in the UV range. The simulations show better results than 

AlGaN/AlN system in both numbers of periods and bandwidth. 

 

Figure 40: Simulated reflectivity spectrum of a 30-pair AlN/BAlN  DBR at 280nm. 

 

BAlN/AlGaN DBRs: Upon the demonstration of interesting theoretical results using 

BAlN/AlN systems, AlGaN/BAlN systems have been also investigated to take advantage 

of two major features. They concern the high refractive index contrast and the possible 

strain compensation in such structures. These features enable high reflectivities with a 

small number of periods. To confirm this tendency, the reflectivity was simulated as a 

function of the number of periods for a BAlN/AlGaN DBR for different aluminum 

incorporation (Figure 41). The central wavelength is 250nm in the different curves. The 

BAlN experimental refractive index presented in Chapter 4 and the AlGaN refractive 
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index reported by Brunner et al. [5] (Figure 7a) were used. A maximum reflectivity of 

90% can be achieved with only 10 periods using BAlN/Al 0.7Ga0.3N. Depending on the 

boron content, a specific aluminum content can be applied to develop a strain-free 

compensated DBR structure. 

 

Figure 41: Simulated reflectivity as a function of the number of periods for a BAlN/AlGaN DBR for 

different aluminum incorporation. The central wavelength is 250nm. 

 

Figure 42 presents a simulated reflectivity of 10-, 20-, and 30-pair 

BAlN/Al 0.8Ga0.2N DBR structures centered at 250nm. A maximum reflectivity of 97% 

with only 20 periods can be theoretically achieved at 250nm. The bandwidth is 15nm, 

which is much higher than values in conventional AlGaN/AlN DBRs. Additionally, these 

theoretical high reflectivities cannot be achieved using conventional AlGaN materials in 

the deep-UV region. 
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Figure 42: Simulated reflectivity spectrum of 10/20/30-pair Al 0.8Ga0.2N/BAlN DBR at 250nm. 

 

BAlN/GaN DBRs: Following the promising simulations using BAlN/AlGaN and 

BAlN/AlN  systems, BAlN/GaN systems were also investigated to take advantage of the 

extremely large refractive index contrast between these materials. However, despite this 

advantageous feature, the lattice mismatch is also very high, which would affect the 

structural quality of the DBR stack. Additionally, because of the strong absorption of 

GaN materials below 370nm, this system can be only used in the near-UV range. Figure 

43 ill ustrates the simulated reflectivity as a function of the number of periods for a 

BAlN/GaN DBR for different boron content. The simulations use 400nm as a central 

wavelength. A maximum reflectivity of 99% can be achieved with less than 10 periods. 

Additionally, this system exhibits more than 70nm bandwidth, suggesting this system as 

an efficient candidate in the development of near-UV VCSELs. 
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Figure 43: Simulated reflectivity versus number of periods for a BAlN/ GaN DBR for different boron 

incorporation. The central wavelength is 400nm. The inset figure presents the simulated reflectivity 

for a 10-pair BAlN/GaN structure using 71% as a TEB/III. The bandwidth exceeds 70nm. 

 

As a general conclusion, the potential of BAlN-based materials was demonstrated 

in this section as a possible replacement of the conventional AlGaN materials. It was 

shown that the achieved reflectivities using BAlN-materials are much higher than those 

achieved using conventional systems. Additionally, conversely to the limited bandwidth 

in conventional DBRs, the bandwidth is much higher using boron-based structures. The 

development of monolithic growth of the VCSEL device can also be considered through 

the replacement of the conventional dielectric mirrors with the boron-based structures. To 

confirm this tendency, a deep material characterization of (B)AlGaN materials will be 

described in next chapter toward their use in the distributed Bragg reflectors operating in 

the UV range. The DBR experimental results will be discussed in Chapter 5. 
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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 provided some evidence of 

strong refractive index modification by a few percent boron incorporation in AlN and 

GaN layers [7]. This research was also driven by some challenges in the development of 

highly reflective and large-bandwidth DBRs in the UV region. Therefore, we studied 

more thoroughly the refractive index of boron-based materials, and we argued for the 

potential use of this material system for the development of versatile DBRs. Additionally, 

the boron-based materials present several unique properties. The properties include high 

hardness, excellent chemical stability, and optical transparency over a wide spectral range 

[128]. Therefore, boron-based nitride alloys have been recently proposed for purposes 

such as lattice matching to available substrates and applications involving bandgap 

engineering [129, 130]. 

The increasingly interest for boron-based alloys has highlighted the need to 

improve our understanding of the properties of BGaN and BAlN epilayers. 

The research work presented in this dissertation is divided in three parts. First, the 

DBR reflectivity has been simulated by taking into account the experimental refractive 

index dispersion of the nitride alloys (Chapter 3). Second, the growth and 

characterization of the wide-bandgap B(Al,Ga)N material systems have been investigated 

(this chapter). Finally, following the success in achieving unique optical properties of 

boron-based materials, the boron-based highly reflective DBRs have been grown and 

characterized for the first time (Chapter 5). 
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4.1 MOVPE growth conditions study 

For the purpose of UV-VCSEL development, we have first focused this study on the 

optimization of growth conditions of AlGaN, BGaN, and BAlN alloys through MOVPE. 

Then, to evaluate their application in DBR structures operating in the UV range, deep 

structural and optical study were combined 

Afterward, the boron incorporation in GaN and AlN materials was noticeably 

investigated. Boron-based materials benefit from several unique properties making them 

suitable for DBR structures operating in the UV range. However, there are several 

challenges involving the growth of B(Al,Ga)N alloys including spinodal decomposition 

[131] and phase separation [132]. In fact, because of the low solubility of boron in GaN 

and AlN [133], and the fact that BN is highly dissimilar to GaN and AlN in terms of 

lattice constant, it is commonly accepted that single phase B(Al,Ga)N alloys are not 

attainable above a few percents of boron [131]. 

All the epitaxial growths were performed at 1000°C at a total pressure of 

133*10
2
Pa (100 Torr) using 100% nitrogen as carrier gas. All growths were carried out 

on 0.9ɛ m thick AlN and 3.5ɛm thick GaN on sapphire template substrates. 

The surface morphology of the grown B(Al,Ga)N layers was analyzed by optical-

contrast microscopy, atomic force microscopy, and scanning electron microscopy. 

Double-crystal X-ray diffraction was used to analyze the strain and structural quality. 

XRD analysis also enabled the calculation of the boron composition in the solid-phase 

layers using X'Pert Epitaxy software. 

Boron distribution along the growth direction in the B(Al,Ga)N layers was 

evaluated by SIMS. The optical properties (refractive index, absorption coefficient, and 

optical bandgap) have been extracted 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 growth conditions performed on the GaN layers to obtain a 

good structural and morphology quality are described. Toward this study, the 

temperature, the pressure, and the V/III ratio were varied in a series of GaN layers grown 

on GaN template. It was observed that increasing the thickness of the GaN layers 

increases the V-pit size and deteriorates the GaN surface morphology. Therefore, the 

same 300nm film thickness was used in all samples. 

In a first step, the growth temperature was kept constant, and the pressure and the 

V/III ratio were varied, as shown in Figure 44. 

 

Figure 44: AFM surface morphology of GaN layers grown using different P and V/III growth 

conditions. 

 

The V/III ratio and the growth pressure have a strong influence on the surface 

morphology of the GaN layers. In fact, the surface morphology of the high-pressure GaN 

exhibits a much smoother surface than that of low-pressure GaN. In fact, at a V/III ratio 
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of 2371, the surface roughness goes from 8nm to 2nm when the GaN growth pressure is 

increased. Additionally, the low-pressure layers exhibit low V-pit size and density. 

Similarly to the growth pressure, a clear reduction of the V-defects size and density was 

observed when we increase the GaN V/III ratio from 838 to 5371. The defect density 

decreases from 3.7*10
8
cm

-2
 to 2.4*10

8
cm

-2
. 

To investigate the impact of the growth temperature, two GaN layers were 

afterward grown at 1000°C and 1040°C, respectively. Both layers were grown at a 

pressure of 450 Torr and 838 V/III ratio. The surface morphologies of GaN films with an 

increasing growth temperature are shown in Figure 45. Similarly to pressure and V/III 

ratio, we concluded that temperature was critical in obtaining good surface morphology. 

In fact, low growth temperature leads to an increased surface roughness and large V-pit 

densities. In fact the RMS and the dislocation density were decreased from 0.7nm and 

2.25*10
8
cm

-2
 to 0.2nm and 1.8*10

8
cm

-2
, respectively. 

  

(a) (b) 

Figure 45: AFM surface morphologies of GaN films grown at (a) 1000°C and (b) 1040°C. 

 

In conclusion, the influence of growth temperature, pressure, and V/III ratio on 

the surface morphology of the GaN layers was described in this section. This study of the 
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different growth conditions was the starting point in the growth of the different ternaries. 

For heterostructures such as distributed Bragg reflectors, it is also important to take into 

consideration the optimum growth conditions of the different layers in the superlattice. 

That leads to a difficult compromise, noticeably in the case of boron-based structures. In 

fact, it was demonstrated that the optimum growth temperature and pressure for boron 

based materials are 1000°C and 100 Torr, respectively. The V/III ratio will be adjusted 

accordingly the boron content. 

 

4.3 Aluminum gallium nitrides materials 

4.3.1 MOVPE AlGaN growth 

In comparison to boron-based materials, the epitaxy of AlGaN layers is well mastered, 

and a conventional growth temperature is around 1000°C. However, the AlGaN growth 

suffers from the large lattice mismatch reaching 2.5% with GaN and AlN templates. The 

lattice mismatch limits the Al content and the thickness of the AlGaN layers. For 

instance, grown on GaN template, thick Al 0.3Ga0.7N layers exhibits 0.8% lattice 

mismatch, and consequently tend to relax by the formation of dislocations and cracks. 

Cracks can be observed above 50nm thickness. 

Toward this study, a series of Al xGa1-xN films with a wurtzite structure and 

variable growth conditions (temperature, pressure, V/III ratio, gas flow, solid-phase 

aluminum composition, etc...) were grown on GaN substrates. The thickness of the grown 

AlGaN layers varies from few nm to one µm. 

The Al content in the solid phase in AlGaN varies linearly with the 

TMAl/(TMAl+TMGa) ratio, as shown in Fig. 46. Additionally, the AlGaN growth rate, 

depicted in the inset of Fig. 46, is linearly governed by the total III elements flow 

(TMAl+TMGa). This linear variation of Al content suggests a reduction of the parasitic 

reactions during the AlGaN growth, and that the growth conditions were optimized to 

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

 

4.3.2 AlGaN relaxation critical thickness 

As mentioned earlier, low-dislocation density and crack-free AlGaN films are one of the 

key elements in obtaining efficient UV light emitters. In fact, the presence of dislocations 

or cracks is highly detrimental in DBRs and VCSELs. Therefore, because of the lattice 

mismatch between AlGaN and nitride substrates, there is a certain thickness that cannot 

be exceeded to avoid relaxation strain. 

Despite the extensive research to develop native substrates including GaN, AlN, 

and their alloys as free-standing wafers, none has reached the stage of commercial 

availability with reasonable price and wafer size. Therefore, it is fundamental to 

accurately determine the critical thickness to study the thickness limit of the DBR 

structures. Toward this purpose, different theoretical models such as Griffith, Matthews 

and Blakeslee, Merwe, People, and Fisher models [134, 135, 136, 137] were tested. Since 

these models were not all developed for AlGaN/GaN multi-layers, the models were 

applied in the AlGaN configuration by modifying the different intrinsic parameters 

(Poisson ratio, burger vector, and lattice parameters). However, a large difference 

between the different models was noticed. Therefore, obtaining an experimental critical 

thickness curve is fundamental. 



 88 

To draw the AlGaN experimental critical thickness, the critical thickness curve of 

AlGaN has been calculated for two Al incorporations of 36 and 16%. The Al composition 

and film thickness were determined using both (00.2) 2ɗ-ɤ scans and (11.4) RSM maps. 

Figure 47 presents the RSM measurement for the two different fully-strained AlGaN 

layers, for which the thickness is below the critical thickness. RSMs are dominated by the 

AlGaN and GaN peaks, which are not offset in the horizontal direction, suggesting no 

relaxation in the total film. By increasing the film thickness by few nm, cracks and 

relaxations were observed by optical microscopy and RSM measurements, respectively. 

  

(a) (b) 

Figure 47: RSM measurements for (11.4) reflection of (a) Al 0.16Ga0.84N and (b) Al0.36Ga0.64N films 

grown on GaN template. 

 

Figure 48 presents optical microscopy images of different Al 0.36Ga0.64N samples 

with different thicknesses. In contrast to the 56nm, films which doesn't exhibit any 

cracks, cracking appears when exceeding the critical relaxation thickness. The 56nm 

AlGaN film is fully strain-free, as shown in Figure 47b. 
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Figure 48: Optical microscopy images of different Al0.36Ga0.64N samples with thickness varying from 

340nm (presence of cracks) to 56nm (no cracks). 

 

To draw the final experimental curve, the starting point was the Griffith model 

[134]. The model was then adjusted accordingly to the experimental achieved points (16 

and 36%) through the modification of the intrinsic parameters. The Griffith model is 

governed by Equation 46. 

 

where ũ is the surface energy of the crack plane, M is the biaxial modulus, Z is a 

coefficient related to the decrease of the elastic energy, and Ů is the misfit parameter. 

The experimental AlGaN critical thickness as a function of aluminum molar 

fraction is shown in Figure 49. In this figure, several critical thickness measurements 

previously published in the literature are reported together with the experimental curve 

for comparison. A good agreement between all these values is found. Therefore, the 

curve can be used in a confident way to evaluate the critical thickness of AlGaN on GaN 

template. 
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Figure 49: The experimental critical thickness for AlGaN layers grown on GaN templates. 

Experimental data are added: (ǒ) from this work, (ȹ) from [10], (ƴ) from [11], and (Ǐ) from [12]. 

 

The obtained curve was afterward validated by growing a 60nm Al 0.3Ga0.7N 

material. The film was fully strained and crack free. Cracks were observed when few 

nanometers were added while keeping the same aluminum content. Therefore, the 

experimental critical thickness is reliable. 

 

4.3.3 AlGaN/AlN multi -quantum wells 

As mentioned earlier, because of the large strain between AlN and GaN materials, Al rich 

AlGaN/GaN superlattices grown on AlN templates can induce cracks and high 

dislocation density [11]. Consequently, light-emitting devices using AlGaN/GaN MQWs 

suffer from low output optical power and short carrier lifetimes [138]. Furthermore, 

absorption in the underlying GaN reduces the external quantum efficiency of UV light 

emitters. A large number of publications has reported the growth of thick crack-free 

AlGaN layers on sapphire using AlGaN/AlN buffer structures, but only few publications 

have addressed the growth of AlGaN/AlN MQWs on AlN template substrates [139, 140, 

141] or on bulk AlN [142]. Such UV transparent AlN template substrates enable the 

growth of Al-rich structures with a reduced global structure strain. Al-rich AlGaN alloys 
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have the capability of emitting at short wavelengths down to 210nm, which makes them 

very useful for the active region of UV VCSELs [143]. Additionally, since the Al 

compositions in the wells and barriers are close in AlGaN/AlN MQWs, the structures are 

favorable for abrupt interfaces in comparison to conventional AlGaN/GaN structures. In 

this study, AlGaN/AlN MQWs have been grown at low pressure and with 100% nitrogen 

as a carrier gas. 

Several MQWs structures were grown on thick AlN templates. In this section, the 

results related to two samples (T251 and T252) are presented. The MQWs consisted of 5 

periods of AlGaN/AlN grown without any interruption between the wells and barriers 

with an aluminum well ratio of 44% and 48%, respectively. They were designed to 

achieve deep-UV luminescence at 280nm and 270nm, respectively. High-resolution XRD 

measurements were applied to determine the nominal thickness and crystallography of 

the AlGaN/AlN MQW samples. 

Figure 50 presents 2ɗ-ɤ scans for samples T251 and T252 measured in the 

vicinity of the (00.2) reflection of AlN. Diffraction profiles are dominated by the strong 

peak from AlN pseudo-substrate. Superlattice peaks associated with the presence of 

MQWs structures can be seen for both samples. The interstitial N-1 fringes (minima), 

where N=5 is the number of quantum wells, are also visible. The fringes indicate a good 

interface quality between AlGaN wells and AlN barriers in the MQWs. 

MQW periods were determined for these samples by measuring the separation 

between adjacent SL peaks. The global MQW strain was determined from the separation 

between the 0-th order SL peak and the AlN substrate peak. The strain is expressed in 

terms of the d-spacing mismatch in (00.1) direction and is calculated with respect to AlN 

pseudo substrate layer. 
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(a) (b) 

Figure 50: XRD 2ɗ-ɤ scans for AlGaN/AlN MQWs (a) T251 and (b) T252 structures. Strong 

diffraction peak in the center of the map corresponds to the (00.2) reflection of the AlN pseudo bulk 

substrate. Red curves correspond to experimental data, and blue curves are results of simulations. 

 

The structural quality of the grown MQW structures has been assessed by RSM. 

RSM was measured for symmetric (00.2) (Figure 51a) and asymmetric (11.4) reflections 

(Figure 51b). The FWHM of the rocking curve for the AlGaN layer peak, which is 

approxiamtely 0.05 deg, is close to that of the AlN substrate. The relative orientation of 

the AlN and MQW peaks in the asymmetric RSMs indicates that the in-plane lattice 

parameters of the MQWs and the substrate are the same within the accuracy of the low-

resolution measurement. Therefore, we confirm that the MQWs are elastically strained 

with respect to AlN substrates. 

  

(a) (b) 

Figure 51: (a) High-resolution RSM for (00.2) reflection and (b) Low-resolution RSM for (11.4) 

reflection of AlGaN/AlN MQW T251 and T252 structures. 
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From the XRD and RSM measurements, thicknesses and composition of the wells 

and barriers were accurately determined. The resulting parameters of the MQW structures 

are summarized in Table 6. 

 

Table 6: Samples parameters extracted from XRD measurements. 

Sample ID Well Al 

ratio (x) 

Well thickness 

(nm) 

Barrier 

thickness (nm) 

Well strain in the 

(00.1) direction (%) 

T251 0.44 6.2 3.3 3 

T252 0.48 6.2 6.67 2.7 

Optical characterization using white light transmission and photoluminescence 

was performed on samples T251 and T252. Results are shown in Fig. 52 for both 

samples. To extract the optical bandgap values from transmission profiles, experimental 

data was fitted using the O'Leary-johnson-Lim model for interband transitions in 

disordered materials [144]. The optical bandgaps were determined to be at 288nm for 

T251 and 280nm for T252. The bandgap difference for the two structures is 

approximately 0.123 eV. 

  

(a) (b) 

Figure 52: Transmission spectra of sample (a) T251 and (b) T252. Solid curves are the experimental 

data, and dotted ones are simulations. 
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The photoluminescence spectra of the MQWs at room temperature are shown in 

Figure 53. From these observations, the PL transitions are 280nm and 273nm, 

respectively. The maximum PL intensity is slightly blue-shifted in comparison to the 

transmittance edge. This blue shift can be explained by the photo-excited carrier 

screening effect caused by the high excitation power. 

 

Figure 53: PL spectra of MQW samples with an excitation by the 5th harmonic (213nm) of a mode-

locked Nd:YAG laser. 

 

To compare the PL measurements to the theoretical values, the QWs transition 

energies were extracted from envelope function calculations [145]. In this model, both 

piezoelectric field and exciton binding energy are included. The calculated variation of 

PL transition versus piezoelectrical field is shown in Figure 54. For comparison, the 

measured bandgaps from both PL and transmission of samples T251 and T252 

(horizontal lines) are plotted in the same figure. A good fit between the simulation and 

measurements is obtained for the field value of 900 and 930 kV/cm, respectively. S. 

Marcinkevicius et al. [145] reported similar values of electric field for AlGaN MQW. 

However, these numbers are much smaller than the electric field obtained from the 

theoretical calculations. This difference has been reported by several authors [145, 146] 
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and has been attributed to the uncertainty of the theoretical calculations because of 

strains, spatially localized exciton states, or impurities in investigated materials. 

 

Figure 54: PL transmission wavelength plotted as a function of piezoelectrical field in the MQWs. 

Dotted line corresponds to sample T251, and solid one to sample T252. Horizontal lines present 

transmission bandgap positions for both samples. 

 

In conclusion, the preliminary results achieved using AlGaN/AlN MQWs are 

summarized in this section. The obtained results show the possibility to grow high-

quality AlGaN/AlN MQW structure. This AlGaN/AlN MQW is a good candidate for the 

active region of a VCSEL device operating in the UV range. 

 

4.4 Boron gallium nitrides materials 

4.4.1 MOVPE BGaN growth 

Despite their attractive properties, boron-based materials have not been 

intensively studied in comparison to AlGaN alloys. This is mainly explained by the fact 

that the growth of high-quality material is generally hampered by phase separation and 

spinodal decomposition issues, also referred to "unstable mixing region". Therefore, the 

growth of high structural and morphological quality BGaN alloys remains nowadays 

challenging. Figure 55 presents the number of publications per year concerning the 
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different nitride alloys. The figure illustrates the weak interest of the nitride scientific 

community for boron-based materials research in comparison to conventional AlGaN, 

InGaN, and to a lesser extent AlInN materials (source: Web of science). 

 

Figure 55: Number of publications for the different ternaries in the nitride system (source: Web of 

science). 

 

Toward this study, a series of BxGa1-xN films with a wurtzite structure and 

different solid-phase boron composition were grown on c-axis oriented 0.9ɛm thick AlN 

on sapphire template substrates. The typical thickness of the grown BGaN layers, 

deduced from in-situ laser reflectometry measurements, was approximately 160 nm. The 

AlN template enables the optical characterization of BGaN layers, which would 

otherwise experience an overlap with the bandgap and lattice parameters of conventional 

GaN/sapphire substrates. When increasing the boron content, the BxGa1-xN growth rate 

remains nearly constant around 1200nm/h, as the growth rate is dominated by the gallium 

flow. 
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Figure 56 illustrates the relationship between the boron content in BxGa1-xN in 

solid phase and the ratio of  in gas phase. The B content of BxGa1-xN 

epilayers at the given ratio in gas phase deviated from the linear dependance (y=x). This 

linear line represents the maximum incorporation efficiency of 100% to form BxGa1-xN in 

solid phase with no pre-reaction in gas phase. 

 

Figure 56: Boron incorporation of BxGa1-xN in solid phase versus TEB/(TEB+TMGa) ratio in gas 

phase. 

 

To evaluate the boron distribution along the growth direction, SIMS analysis was 

carried out on a BGaN film grown on GaN template. The concentration of boron and 

gallium as a function of the layer depth is shown in Figure 57. The profile of boron 

concentration is constant in the BGaN layers, indicating an excellent distribution of the 

boron along the growth. The abrupt drop of boron profile corresponds to the BGaN/GaN 

interface. The shift-phase variation of boron profile with respect to gallium underlines 

that the boron element sets well in the Ga site. 
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Figure 57: SIMS profile of a BGaN layer grown on GaN substrate. 

 

4.4.2 Morphological and structural characterizations 

A 2ɗ-ɤ scan of a BGaN film for symmetric reflection is shown in Fig. 58a. The angular 

separation between the two peaks corresponds to the out-of-plane lattice mismatch 

between the BGaN layer and AlN template. The measured RSMs for the (11.4) 

asymmetric reflection is shown in Figure 58b. RSMs are dominated by the BGaN and 

AlN peaks, which are offset in the horizontal direction, with the shift corresponding to 

the degree of relaxation. That suggests a fully relaxed BGaN layer with respect to AlN. 

The average boron content in the ternary BGaN films was calculated using Vegard's law 

[27] and varies between 0 and 1.7%. 

 

Figure 58: (a) XRD 2ɗ-ɤ scans and (b) low-resolution RSM for (11.4) reflection for BGaN films. 
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Figure 59 presents AFM images of the surface of the BxGa1-xN materials for 0%, 

0.3%, 1.1%, and 1.3% of boron content. The images show that the BGaN surface exhibits 

a 3D morphology. The root-mean square roughness of the surface for the different 

samples decreases from 14 to 4nm as the B content in BGaN increases. The roughness 

will be taken into consideration in the following study related to the calculation of the 

BGaN optical properties through ellipsometry. 

 

  

(a) (b) 

  

(c) (d) 

Figure 59: 3D AFM images of BGaN films grown on AlN templates with different boron content (a) 

0%, (b) 0.3%, (c) 1.1%, and (d) 1.3%. 

 

Figure 60a presents a HAADF-STEM image of a BGaN film containing 0.7% of 

boron. HAADF was used to take advantage of its sensitivity to the local atomic number 

of the atoms. For clarity, GaN template substrate layer has been marked on the figure. A 

columnar structure is observed in the figure. Each column consists of a grain of 
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approximately 100nm width. The lateral size of the grains measured on this sample is in 

good agreement with AFM measurements, confirming the 3D growth. The contrast of the 

BGaN layer is relatively homogeneous and comparable to the GaN layer, suggesting no 

compositional inhomogeneity in the layer. Nevertheless, clear lines perpendicular to the 

growth direction are observed on the entire width. To investigate the nature of these 

defects, atomic resolution HAADF images have been realized on the B0.007Ga0.993N layer 

(Figure 60a). As observed in the Fourier transform pattern given in Figure 60b, the 

different spots correspond to the superposition of both Zinc-Blende and wurtzite patterns. 

By selecting the cubic phase reflections and then applying an inverse Fourier transform, 

the original image was re-constructed. The obtained image is highlighted in Figure 60c, 

and it only shows the contribution of the ZB phase. The ZB structured insertions were 

found to be from a few monolayers to two monolayers thick, which correspond to the 

elementary ABC atomic stacking characteristic of the cubic phase. 

 

Figure 60: (a) HAADF STEM picture of a 400nm thick BGaN layer containing 0.7% of boron. The 

zone axis is <11-20>. (b) 2D Fourier transform pattern of the HAADF -STEM image. The wurtzite 

reflections and the Zinc-blende ones are present. The specific 111 ZB is circled in red. (c) The BGaN 

layer image reconstructed by mean of inverse Fourier transform evidences Zinc-blende insertions in 

the BGaN material. 

 

The B0.017Ga0.983N layer was analyzed using a similar procedure. The HAADF-

STEM image, shown in Figure 61, presents a columnar growth of the material. The 
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lateral size of the columns is 100nm. The lateral size of the grains was also confirmed by 

the surface measurements performed by AFM. 

 

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 observed at a boron 

content of 0.7%, the B0.017Ga0.983N sample contains numerous nano-sized clusters. Figure 

62a, which presents a HAADF-STEM image, depicts one isolated nano-sized cluster. The 

clusters distribution is uniform in density along the growth direction. They are 

homogeneous in size, with a mean lateral size of ~ 3nm. The density of clusters has been 

estimated to be 10
4
µm

-3
. Consequently, the ratio of the volume occupied by the clusters 

over the total crystal volume represents approximately 5%. The individual structural and 

chemical nature of the clusters was investigated by means of HAADF-STEM and 

Energy-dispersive X-ray spectroscopy (EDX), as illustrated in Figure 62. 
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Figure 62: (a) HAADF STEM picture of a single cluster in a 1000nm thick BGaN layer containing 

1.7% of boron. The zone axis is <11-20>. (b) Diffraction pattern of the image. Wurtzite pattern and 

Zinc-blende are present. (c) Inverse Fourrier transform image realized with the specific wurzite 

spots 1100 and 11-20. (d) Inverse Fourrier t ransform picture obtained with the cubic  -1-11 and 220 

spots. 

 

Direct Fourier transform was applied to the image to reveal the reflections of the 

crystal structure. Results are shown in Figure 62b. Both wurtzite and Zinc-blende phase 

patterns were identified. It is important to note that the Zinc-blende insertions and 

clusters are coherent with the surrounding wurtzite matrix. In fact, the 111 reflection of 

the cubic phase is perfectly aligned with the 0002 refection of wurtzite hexagonal phase 

along the growth axis. Figures 62c and 62d were reconstructed by singling out the 
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specific wurtzite and Zinc-blende reflections. The figures represent the contributions of 

the wurtzite and the Zinc-blende phases, respectively. The contributions are materialized 

on each picture by the brighter areas. We concluded that the clusters were composed by 

ZB-BGaN, coherently embedded in the W-BGaN material. 

The dark contrast detected by HAADF STEM on the cubic cluster, observed in 

Figure 62a, suggests that the local equivalent atomic number (Z) changes dramatically to 

lower values. That would be consonant with high boron incorporation in the lattice. EDX 

analysis was then used to clarify the origin of the HAADF contrast.  As no particular 

impurities (O, C, nor Si) that could be responsible of the HAADF dark contrast were 

detected. The contrast was attributed to the presence of boron. In fact, this light element 

cannot be detected by EDX. The composition was afterward estimated by measuring the 

gallium and considering the stoichiometry between the III and V elements. Within the 

accuracy of this method, the composition was approximately 20 ± 2% of boron inside the 

cubic clusters. 

 

4.4.3 Optical properties investigation of BGaN materials 

The optical properties of BGaN films are investigated in the following study. The 

properties include the complex refractive index dispersion and the bandgap-bowing 

parameter calculation. 

Figure 63 depicts the photoluminescence signals of the BGaN films considered in 

this study, compared to a pure GaN reference (black curve). The luminescence of the 

B0.007Ga0.993N layer occurred at 366nm (red curve) and confirmed a red-shift compared to 

GaN at 362nm. This red-shift illustrates a decrease of the bandgap, which is in good 

agreement with previous work [33]. The low PL intensity observed for the B0.007Ga0.993N 

layer peak (2*10
3
 versus 1.5*10

4
 for GaN) can be explained by the presence of numerous 

stacking faults that were identified in the matrix [147]. Increasing the boron content to 
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1.7% caused the luminescence intensity to vanish. This is likely caused by additional 

defects in the lattice. 

 

Figure 63: Photoluminescence spectra of BGaN/GaN samples used for this study. 

 

To confirm the red-shift tendency observed in the PL measurements, optical 

spectroscopy was used to investigate the bandgap variation in the different BGaN films 

with boron content from 0 to 1.3%. Absorbance spectra Ŭ
2
(ɚ) have been calculated from 

transmission and reflection data, as shown in Equation 47. 

 

where d is the BGaN thickness. 

The extrapolation of the linear section of Ŭ
2
 to zero absorption corresponds to the 

optical bandgap, as illustrated in Figure 64. 

The determined bandgap values do not support the interpolated linear dependence 

between the bandgaps of w-GaN and w-BN and can be only understood by adding a 

bowing-parameter energy. The calculated experimental bandgap values confirm a strong 

energy-bowing parameter of BGaN ternary system with b=8 eV [148], which is 

comparable to experimental and theoretical reported results [33, 149]. The accurate 
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knowledge of this parameter is very important for bandgap engineering of optoelectronic 

devices based on BGaN, and also updating the III-N-match software parameters. 

 

Figure 64: Absorbance spectra of the BxGa1-xN films for the different samples. 

 

The complex refractive index of the BGaN films is measured using Tauc Lorentz 

dispersion model. This model has been proved to be a very efficient model when 

interpreting the spectroscopic ellipsometry spectra [150, 151]. We have also dealt with 

effective medium theories such as the Bruggeman approximation [152] to take into 

consideration the measured surface roughness by AFM (Figure 59). 

Note that the thickness of the BGaN layers is largely higher than the critical 

thickness as the growth was performed on AlN templates. While this may rise some 

concerns with the morphological and structural film quality, such thick layer is required 

to observe sufficient interference fringes on the reflectivity and ellipsometric spectra. 

The investigated refractive indexes are derived from a two-step approach. First, 

the refractive index dispersion model is extracted by fitting the ellipsometric data by 

minimizing the mean square error (ɢ
2
) using the Levenberg-Marquadt algorithm. Indeed, 

minimizing ɢ
2
 leads to the best fit between the experimental ellipsometric/reflectance 

spectra and the data calculated from the physical model described as a five-phase 
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(Al 2O3/AlN/BGaN/Surface roughness/air) system. Second, the obtained index model is 

smoothed and slightly corrected to fit the interference fringes of the experimental 

reflectance spectra. Figures 65 and 66 present the experimental and calculated 

ellipsometric data (Ic and Is) and the reflectance data (R) at different wavelengths. 

 

Figure 65: Comparison between measured (dotted lines) and calculated (solid lines) ellipsometric 

spectra (Is and Ic) for different boron incorporations. 
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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 experimental (dotted 

lines) spectra and the reasonable chi-square value indicate that the assumed model and 

the obtained optical results are reliable. 

Figure 67 presents the resulting refractive indexes and extinction coefficients data 

for BGaN films for different boron incorporations. It is observed that the refractive index 

contrast between GaN and BGaN is very high in the range of 0-1.3% boron content. 

Indeed, by adding only 1% of boron in the BGaN layer, the BGaN/GaN multilayer 

structure has a refractive index contrast of more than 0.1. The contrast is equivalent to 

that of AlGaN/GaN with Al=22%, based on AlGaN refractive index data reported by 

Brunner et al. [5]. The obtained large refractive index variation as a function of boron 

composition can enable the development of highly reflective DBRs with a minimum 

number of periods. Consequently, with the BGaN/GaN system, a fewer number of 
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periods is needed to achieve highly reflective DBRs in comparison to conventional 

AlGaN/GaN DBRs. 

 

Figure 67: (a) Refractive index and (b) extinction coefficient of BxGa1-xN film for different boron 

content. 

 

Additionally, the lattice mismatch between B0.01Ga0.99N and GaN is only 0.2%. 

Consequently, the crystalline quality of the epitaxial materials for DBR should not bring 

about the issue of cracking problems associated with AlGaN-based mirrors. Therefore, 
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the nearly-lattice-matched structure can enable the growth of a high-quality active region. 

These unique properties can be very interesting for research and development of novel 

semiconductor DBR with simultaneously high reflectivity and good structural quality. 

BGaN-based DBRs will be developed in Chapter 5. 

 

4.5 novel Boron aluminum nitride materials 

4.5.1 MOVPE BAl N growth 

As mentioned in the previous chapters, BAlN is a novel material and only one study has 

explored its refractive index [7]. Indeed, an accurate knowledge of the optical properties 

is essential for DBR and laser design. This knowledge is derived from a systematically 

grown series of samples in which the TEB/III molar ratio in the vapor phase was varied 

between 0% and 71%. The typical thickness of the grown BAlN layers, deduced from in-

situ laser reflectometry measurements, was approximately 150nm. 

Depth concentration profiles for Al, B, and N were measured by SIMS, as 

illustrated in Figure 68. The SIMS profile exhibits a uniform boron distribution along the 

growth direction, while the Al concentration varies anti-phase with boron. This is an 

indication that the mixing of Al and B atoms occurs on the sub-lattice of III sites to form 

an alloy. 

 

Figure 68: SIMS elemental concentration depth profiles for the B, Al, and N signals for the BAlN 

layers on AlN template substrates. 
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4.5.2 Surface morphology and structural characterizations 

In this section, the surface morphology of the BAlN layers grown on AlN templates is 

investigated through AFM and SEM. The samples were investigated first with SEM 

measurements, as shown in Figure 69. 

 

Figure 69: SEM images of the BAlN films grown on AlN templates with different boron content (a) 

0%, (b) 3.5%, (c) 26%, and (d) 28%. 

 

Lots of small unshaped grains in different sizes can be observed in the BAlN 

SEM images. Despite a strong similarity between the different BAlN films, the grains 

size and density increase when the boron content increases. In fact, the highest boron 

content film exhibits more distant and bigger grains than the other films. 
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In Figure 70, 3D AFM images exhibit the surface morphologies of the different 

BAlN films for different boron content. The measured RMS of the different samples is 

approximately 4nm, which is comparable to the BGaN films. 

 

Figure 70: Atomic force microscopy of the BAlN films grown on AlN templates with different boron 

content (a) 0%, (b) 3.5%, (c) 26%, (d) 28%. 

 

To investigate the structural characterization and evaluate the boron content, XRD 

measurements were afterward performed on the different BAlN layers. However, the 

XRD scans did not exhibit any XRD peak related to the BAlN layers. The BAlN 

structural characterization will be further investigated in Chapter 5 through Raman 

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

The absence of BAlN peak in the XRD scans prevents an accurate measure of the solid 

phase composition in the BAlN alloys. Therefore, additional analysis techniques were 

required to measure the boron content, such as XPS and EDX. 

In a first approximation, the boron content was investigated using EDX in a 

BAlN/AlN superlattice with a TEB/III ratio of 38% in the BAlN layers. In fact, although 

the light boron element could not be detected by EDX, the composition was estimated by 

measuring the aluminum and considering the stoichiometry between the III and V 

elements. Within the accuracy of this method, the boron composition was calculated with 

2-3% percent error. 

Toward this goal, the first AlN layer was used as a reference. Therefore, the 

stoichiometry ratio of this first AlN was used as a reference for the Al/N ratio in the 

BAlN ternaries. Consequently, using the BAlN stoichiometry, the boron content can be 

extracted if we consider that the III/V ratio in solid phase is equal to 1. Experimentally, a 

series of 6 points in the AlN reference have been first selected, as illustrated in Figure 71. 

The same measurements were afterward performed on the following BAlN and AlN 

layers. A strong lack of aluminum in the BAlN layers was observed, suggesting a BAlN 

alloy. This approach estimated the boron content to be equal to 27-28% with a standard 

deviation of 3%. 
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Figure 71: EDX analysis on the BAlN/AlN superlattice. 

 

Then, the behavior of boron incorporation into AlN has been studied by in-depth 

X-ray photoelectron spectroscopy in the different BAlN samples. In fact, the 

characteristic peak for the B1s core level at 188 eV could be detected by XPS. The 

quantification of the different atomic level such as B, Al, and N in the film was estimated 

using relative sensitivity factors for the used instrument. The tool took into consideration 

both the transmission function of the spectrometer and the X-ray cross section. 

Figure 72 il lustrates the photoelectron spectra of BAlN samples in the range 0-

1200eV. The X-axis energies were adjusted by the incident X-ray energy. The adjustment 

took into consideration the reflection of the binding energy of the detected core-shell 

electron. Several main peaks associated to the different elements indicative of the Al2p, 

B1s, and N1s core energy levels were observed. 
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Figure 72: An illustrative over electron-binding energies characteristics of core shell energy levels of 

the different elements present in the BAlN sample. 

 

A careful in-depth examination of the peak position and shape gives their 

evolution as a function of the thickness (referred as the sputter time). For instance, the 

B1s-related XPS peak is observed at 190 eV in Figure 73. The B1s peak is very close to 

the binding energy of boron in BN, which is equal to 189-190 eV. The figure presents the 

evolution of the boron concentration as a function of the thickness, enabling the 

determination of the boron composition in the solid phase. 

 

Figure 73: B1s spectra extraction from XPS depth profiles of a BAlN sample corresponding to 

different sputter depths. 
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Figure 74 presents the XPS atomic concentration depth profiles of a high-boron 

content BAlN film (71% of TEB/III in the gas phase). The evolution of the different 

species present in the film as a function of the sputter time is illustrated. At 6-7 min 

sputter depth, the Al signal from the BAlN layer increases, while the B signal decreases, 

suggesting the interface between the BAlN film and the AlN template. The XPS in-depth 

composition study shows a good homogeneity of the boron content in the film. The depth 

profile study also shows that the thickness of the grown BAlN layers is approximately 

150nm. The measure takes into account the calibrated sputtering speed for such alloys. 

This estimate of the thickness of the BAlN layer agrees very well with that inferred 

earlier from in-situ measurements. 

Additionally, taking into consideration the atomic concentration of the III and V 

elements, the boron content in the solid phase was estimated to be 47%. Surprisingly, the 

boron surface composition was estimated at a particularly high value in comparison to the 

TEB/III ratio. That suggests a 66% efficiency of the boron incorporation. 

 

 

Figure 74: XPS sputter depth profiles of a BAlN film grown on AlN template. 
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By processing similarly the other BAlN samples, the boron compositions in the 

solid phase are summarized in Table 7 as a function of TEB/III ratio in the gas phase. The 

demonstrated values were in agreement with previous calculation using EDX technique. 

 

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

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

Boron content in the solid phase 0% 3.5% 26% 35% 47% 

 

4.5.4 Optical properties investigation of BAlN materials 

The BAlN optical properties investigation is undifferentiated from that in the previous 

BGaN study (cf Section 4.4.3). Similarly to BGaN, the accurate determination of the 

optical properties of BAlN films is fundamental. It is required to obtain the optimal 

thickness of the layers in the DBR structure and calculate the required number of periods 

to achieve a certain reflectivity. In fact, the ellipsometric spectra are analyzed using 

DeltaPsi2 software to extract the experimental values of refractive index and optical 

bandgap. The thickness of the deposited BAlN films was chosen to give a sufficient 

number of interference fringes, which makes the modelisation much easier. The 

thicknesses were accurately determined beforehand through in-situ reflectometry to get 

good accuracy of the different parameters listed above. Figure 75 presents the 

experimental and calculated Ic and Is at different wavelengths for different BAlN 

samples. 
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Figure 75: Comparison between the measured (dotted lines) and the calculated (solid lines) 

ellipsometric spectra (Is and Ic) for different boron incorporations. 

 

The excellent agreement between the calculated (solid lines) and experimental 

(dotted lines) spectra indicates that the assumed model and the obtained refractive index 

data are reliable. Figure 76 presents the resulting refractive index data for the BAlN films 

as derived from the ellipsometry fit. The TL parameters used to draw the refractive index 

curves are summarized in Table 8. Eg (eV) is the optical bandgap, E0 (eV) is energy of 

the absorption peak, C (eV) represents the broadening term associated to the absorption 

peak, A (eV) is the oscillator strength which is originally linked to density of material, 

and ŮÐ (dimensionless) is the high-energy dielectric function. 
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Table 8: Summary of the different Tauc Lorentz parameters extracted from the fit.  

TEB/III (%) Eg E0 C A ŮÐ 

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 6.05 0.25 792.95 2.60 

71 5.62 6.63 0.18 240 2.30 

 

 

 

Figure 76: Refractive index versus wavelength of BxAl 1-xN for different samples. 

 

As expected, the refractive index contrast between BAlN layer and AlN template 

increases with the TEB/III ratio, and the AlN refractive index is in excellent agreement 

with the previously reported data [5]. At 300nm, the BAlN/AlN  structure grown for a 

TEB/III ratio of 71% can achieve a refractive index contrast ȹn of more than 0.25. The 

achieved contrast is higher than in Al0.5Ga0.5N/AlN structure based on AlGaN refractive 

index data reported by Brunner et al. [5]. 
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As a result of the high refractive index contrast and the BAlN transparency, 

improved DBRs based on BAlN/AlN structures with high reflectivity can be theoretically 

achieved in the deep-UV region. Additionally, using BAlN/AlN structure, 20 periods are 

needed to achieve 99% reflectivity and large-bandwidth DBR. In contrast to these boron-

based DBRs, conventional AlGaN/AlN DBRs need more than 30 pairs to achieve the 

same reflectivity. The theoretical results and the comparison between the different 

systems were already presented in Chapter 3. 
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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 xGa1-xN/Al yGa1-yN and Al xIn1-xN/Al yGa1-yN have been the only nitride-

based DBRs available to operate in the UV range. However, because of the numerous 

issues mentioned in the previous chapters, these systems are not adequate for VCSEL 

applications. Consequently, an innovative DBR design using a new nitride material 

system based on boron, which can provide simultaneously high reflectivity and high 

structural quality, is proposed. These boron-based DBR structures are motivated by the 

demonstrated high refractive index contrast induced by the boron incorporation reported 

in Chapter 4. This large refractive index contrast is combined with a low lattice mismatch 

in the BGaN and strong transparency in the BAlN layers. 

 

5.1.1 AlGaN/GaN DBRs 

First, AlGaN/GaN DBR structures were investigated to validate our simulation software 

and confirm the difficulty in achieving highly reflective structures with these 

conventional materials. Three- and six-pair Al 0.16Ga0.84N/GaN Bragg mirrors have been 

grown aiming a 400nm as a central wavelength. The growth was performed in MOVPE 

on GaN template. During the DBR runs, the AlGaN and GaN layers were deposited at 

1000°C and at 100 torr pressure using N2 carrier gas. To prevent cracking, the number of 

periods was limited by the critical thickness. Consequently, the number of periods did not 

exceed six periods. The GaN and AlGaN ɚ/4 layers are 39nm and 40nm thick, 

respectively. The total DBR thickness is approximately 520nm. 
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High-resolution X-ray diffraction 2ɗ-ɤ-scans of the three- and six-pair 

GaN/AlGaN DBRs are shown in Figure 77. The distinguished interference fringes 

indicate smooth surfaces and interfaces of the GaN/AlGaN DBR structures. Additionally, 

an excellent agreement between experimental and simulated data, suggesting a perfect 

periodicity, was observed. Using the XRD simulation software, the Al content was 

deduced to be 16%, and the calculated thicknesses confirmed the expected ones. 

Consequently, the measured growth rates using in-situ reflectometry were reliable and 

allowed an accurate control of the different thicknesses. 

  

(a) (b) 

Figure 77: XRD 2ɗ-ɤ scans for AlGaN/AlN DBRs (a) three periods and (b) six periods. Red and blue 

curves correspond to experimental and simulated data, respectively. 

 

As observed by Normarski microscopy, the surface morphologies of all grown 

AlGaN/GaN DBR structures are crack free. AFM measurements show a typical 2D 

morphology with clear terraces. The measured RMS was approximately 0.6nm. 

Numerous V-pits with important density and size were also observed and are shown in 

Figure 78. 
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Figure 78: AFM image showing a good surface morphology of a six-pair Al 0.16Ga0.84N/GaN DBR. 

 

Furthermore, the surface morphologies of the three- and six-pair Bragg reflectors 

were investigated by SEM. The confirmation of 2D growth and the high size and density 

of V defects are depicted in Figure 79. The V-defects in the six-pair DBR are much larger 

than those in the three-pair structure. This difference confirms the difficulty of 

developing DBR structures with a high number of periods to achieve 90% reflectivity. 

Using this material system, more than 60 periods are needed to reach such reflectivity. 

  

(a) (b) 

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

 


