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Glossary 
 

AFM  atomic force microscopy 

BIC  bottom inner cladding 

BOC  bottom outer cladding 

CCD  charge-coupled device 

CL  cathodoluminescence 

CNT  carbon nanotube 

DAP  donor-acceptor pair 

DBR  distributed Bragg reflector 

EDX  energy dispersive X-ray spectroscopy 

EQE  external quantum efficiency 

FIB  focus ion beam 

FWHM  full width half maximum 

GRINSCH graded-index separate confinement heterostructure 

HAADF high angle annular dark field 

HR  high resolution 

ICP  inductively coupled plasma 

IQE  internal quantum efficiency 

LD  laser diode 

LED  light emitting diode 

MBE  molecular beam epitaxy 

ML  monolayer 

MOVPE metal organic vapor phase epitaxy 

MQW  multi quantum well 

OCF  optical confinement factor 

PAMBE plasma assisted molecular beam epitaxy 

PECVD  plasma enhanced chemical vapor deposition 

PL  photoluminescence 

QCSE  quantum confinement Stark effect 

QD  quantum dot 
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QW  quantum well 

RF  radio frequency 

RHEED reflection high-energy electron diffraction 

RIE  reactive ion etching 

RMS  root mean square 

RSM  reciprocal space map 

SCH  separate confinement heterostructure 

SEM  scanning electron microscopy 

TEM  transmission electron microscopy 

TIC  top inner cladding 

TOC  top outer cladding 

UHV  ultra-high vacuum 

UV  ultraviolet 

VCSEL  vertical cavity surface emitting lasers 

VSL  variable stripe length 

WPE  wall-plug efficiency  

XRD   X-ray diffraction 
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Chapter 1  
Context and motivation 
 

This chapter aims to provide a general context on the UV laser technology and III-nitrides materials, in 

order to introduce the motivation and targets of this work. At the end of the chapter, I briefly describe the 

structure of this manuscript. 

 

1.1 A brief introduction to III-N for UV technology 

III-nitride semiconductors (GaN, AlN, InN, and their compounds) are direct band gap materials 

that can cover a wide spectral range, from the infrared ( 0.65 eV for InN) to the ultraviolet (6.2 eV 

for AlN). This feature, in addition to their high mechanical and thermal stability [1], makes them 

suitable materials for the fabrication of optoelectronic [2–5] and high power devices [6–9]. The 

first polycrystalline growth of AlN and GaN was described in 1907 [10] and 1932 for GaN [11], 

respectively. We find the first reports on the synthesis of III-nitrides by metalorganic vapor phase 

epitaxy (MOVPE) [12] and molecular beam epitaxy (MBE) [13] dating back to the 1970s, but 

device fabrication was hindered by the poor material quality. A breakthrough came in 1986, when 

Amano et al. [14] proposed the use of an AlN buffer layer prior to the growth of GaN, which 

successfully reduced the defect density. Three years later, the same team also achieved the p-type 

GaN by doping with Mg [15]. All this progress culminated with the demonstration of the first 

efficient blue light emitting diode (LED) in 1994 [16] and laser diode (LD) in 1996 [17]. The impact 

was such that the Nobel Prize in Physics 2014 was awarded to Isamu Akasaki, Hiroshi Amano and 

Shuji Nakamura “for the invention of efficient blue light-emitting diodes which has enabled bright 

and energy-saving white light sources” [18]. Since then, blue and white LEDs have led to a change 

of paradigm in the lighting industry. Despite these tremendous achievements, most of the spectral 

range that III-N emitters should be able to cover has not been exploited. Material issues have 

delayed the extension of this technology towards the green and ultraviolet domains. 

Ultraviolet (UV) radiation is the region of the electromagnetic spectrum between visible and x-

ray radiation, in the range of 400 – 100 nm. UV light was discovered in 1801 by Johann Wilhelm 

Ritter when he noticed that invisible light darkened silver-chloride even faster than violet 

radiation, hence the name “ultraviolet” [19]. Since its discovery, numerous have been its 

applications due to its ability to induce chemical reactions and excite fluorescent materials. Some 

examples have been summarized in Figure 1.1, including medical diagnostics, disinfection of 

various surfaces, water purification, gas sensing and UV curing. 
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Figure 1.1. Schematic with the main applications of UV emitters. Abbreviations stand for: LISA, Laser 

Interferometer Space Antenna; MALDI, matrix-assisted laser desorption/ionization; NLOS, non-line-of-sight; 

PCB, printed circuit boards; TOF-MS, time-of-flight mass spectrometry. (Modified from ref. [2,20]) 

The electromagnetic spectrum of UV radiation can be subdivided in a number of ranges, 

according to the International Organization for Standardization (ISO 21348) [21]. The most 

common division is presented in Table 1.1. 

Table 1.1. Classification of UV wavelength spectrum. 

 Wavelength range (nm) 

UV-A 400-315 

UV-B 315-280 

UV-C 280-200 

Vacuum UV 200-100 

 

The development of III-nitride based UV emitters has gained considerable momentum, 

although the efficiency and maximum power of UV light emitting devices are still modest in 

comparison with their visible counterparts.  

UV lasers have gained interest due to their potential applications in Lidar remote detection, 

non-line of sight communication [22], biotechnology [23], or 3D printing [24]. The principles of 
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laser (acronym for “light amplification by stimulated emission of radiation”) date back to 1917, 

when Albert Einstein derived the existence of absorption, spontaneous emission, and stimulated 

emission of electromagnetic radiation from Planck’s law [25]. From this concept, the first practical 

application of stimulated emission was a microwave radiation amplifier that was named after 

maser (acronym for “microwave amplification by stimulated emission of radiation), first built in 

1953 by Charles H. Townes. In parallel, Nikolay Basov and Aleksandr Prokhorov worked on a 

multilevel quantum oscillator that facilitated population inversion [26]. These achievements 

culminated in 1960 with the invention of an “optical maser” named as laser, and in 1964, the Nobel 

Prize in Physics was awarded to the above mentioned physicist “for their fundamental work in 

the field of quantum electronics, which has led to the construction of oscillators and amplifiers 

based on the maser-laser principle” [27]. 

Since their invention, considerable progress has been made in the laser domain. In the case of 

III-nitrides, the GaN blue laser diode (405 nm) have become a standard for data storage (Blue-ray 

technology). However, UV laser diodes are still in early stages of development. Due to the difficulty 

of dealing with ultra-wide-bandgap materials, efficient UV LDs are limited to emission 

wavelengths above 370 nm [28], and for a long time the shortest emission wavelength was 326 

nm [28]. However, recently edge emitting LDs demonstrated emission at 298 nm (UV-B) [29] and 

271.8 nm (UV-C) [30] at room temperature. Figure 1.2 presents a summary of data from recent 

literature on UV III-nitride-based LDs. The graph reveals that the challenges for UV lasers strongly 

depend on the emission wavelength and composition. Thus, the lasing threshold current density 

exhibits a strong increase for devices with shorter emission wavelength than 370 nm [31]. This 

marks the transition from GaN-based lasers, which are already commercially available, to lasers 

based on AlGaN heterostructures, which lead to high tensile strain when grown on GaN substrates 

[28]. Thus, in this latter case, strain relief techniques are required to avoid the formation of cracks 

in the laser heterostructure. AlN native substrates have been continuously improving during the 

last few years [32–35]. However, the lack of high quality lattice-matched substrates makes 

difficult the growth of medium AlGaN composition lasers for the UV-B, since they match neither 

GaN (tensile strain) nor AlN (compressive strain) substrates [36]. Finally, efficient carrier 

injection and confinement, as well as low resistivity p-AlGaN layers with large Al content (>70%), 

pose very difficult challenges for the realization of UV-C lasers. The ionization energy of Mg 

acceptors in AlGaN increases with the aluminum content, leading to very low conductivity [3]. The 

resulting high lasing threshold leads to a reduction of the device lifetime, due to Joule heating. A 

very recent result reported by Nagoya University, is an AlGaN-based UV laser diode operating at 

5 °C with a threshold current of 3.7 kA/cm2 [37]. This reduction of threshold was the result of 

improvements in the design, which incorporates polarization doping for the p-type layers and a 

complex top structure to compensate the optical modal loss [38–40]. 
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Figure 1.2. Previously published threshold current densities of III-nitride based laser diodes as a function of 

their emission wavelength. (Reproduced from [3], with data added from [37]) 

Alternatives to electrical injection include optically pumped and electron beam pumped lasing, 

which obviate the need of contacts or high conductivity cladding layers. Optically pumped lasers 

with emission wavelengths from 310 nm to 237 nm have been demonstrated over the past years, 

with lasing threshold power densities reaching < 10 kW/cm2 [41–43]. Some advanced laser 

structures have also been explored in the range between 400 nm and 310 nm, such as vertical 

cavity surface emitting lasers (VCSELs) [44,45] or distributed feedback (DFB) laser diodes [46]. 

Another alternative currently under development are polariton lasers [47,48], which use exciton-

polariton interaction in micro-cavities to achieve lasing emission. Lasing thresholds are hundreds 

of times lower than conventional lasers, despite their output powers being much lower [49,50]. 

 

1.2 Motivation and targets 

As we have seen in the previous section, the challenges for realizing p-type AlGaN cladding 

layers with high conductivity are a hindrance that limit the performance of UV lasers. The shortest 

commercial UV LDs emit at 375 nm (Nichia). Due to these problematics, the commercial 

ultraviolet spectral range is currently covered by gas lasers (ArF, XeF, KrF) or lasers based on 

frequency conversion (Nd:YAG). However, these light sources are bulky, inefficient and inflexible 

in wavelength. AlGaN has the potential to overperform these lasers and offer a competitive 

alternative in the market. An alternative strategy to pump AlGaN heterostructures is using a high-

energy electron beam excitation to generate electron-hole pairs that can circumvent many of the 
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issues encountered in conventional p-n junction configurations. This technique does not require 

any contacting or doping in the structure. In addition, it provides efficient and homogeneous 

carrier injection even in wide active zones, which is not possible in laser diodes due to the 

asymmetric transport properties of electrons and holes. Therefore, electron beam pumping offers 

a larger degree of freedom for the heterostructure design. 

As mentioned above, optically pumped lasers are another alternative to consider. Under these 

conditions, doping and contacting is not required either. However, it requires to locate the active 

media as close to the surface as possible to ensure the collection of generated carriers. Compared 

with optical pumping, electron beam pumping offers the possibility to make devices more 

compact (smaller pumping source), and the ability of the electron beam to penetrate deeper into 

the structure provides an additional degree of freedom in the design of the optical cavity, and 

reduces surface-related loses. Furthermore, electron beam pumping is adapted to a large spectral 

range, since the electron-hole pair generation is done by impact-ionization. Instead, in the case of 

optical pumping, the wavelength of the output laser must be longer than the wavelength of the 

pumping in order to generate electron-hole pairs by photon absorption. 

Currently, and to the best of my knowledge during the writing of this manuscript, there is only 

one demonstration of In-free AlGaN/GaN heterostructure UV electron beam pumped laser, 

reported by Hayashi et al. [51]. A separate confinement heterostructure (SCH) containing a 10-

period GaN/AlGaN multi-quantum well (MQW) displayed stimulated emission around 353 nm 

with a threshold power density  230 kW/cm2 at 107 K, under pulsed electron beam excitation 

operating at 15 kV. There has not been any demonstration of laser emission from electron beam 

pumped AlGaN-based lasers at room temperature at the time of writing this manuscript. 

The motivation of this work rises from the high demand of efficient UV lasers compared with 

the low offer available. The aim of this work is to contribute to the development of AlGaN/GaN 

based electron beam pumped UV laser technology, a recent field of research with plenty of 

potential to compete with current commercial lasers. Electron beam pumped AlGaN/GaN lasers, 

offer an alternative path towards the achievement of efficient solid-state lasers that can cover the 

whole UV spectral range. Within this context, the main targets of the work were: 

▪ Understanding the mechanisms and parameters governing the performance of these 

devices. 

▪ Develop a first heterostructure emitting in the UV-A that acts as the active media of a UV 

laser that operates at low acceleration voltages (≤ 10 kV). 

▪ Optimize the structure to improve the efficiency and the lasing threshold. 

▪ Use the knowledge acquired to design prototypes to extend the work towards shorter 

wavelengths.  
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This work is part of the ANR-UVLASE project, which aims to develop a new compact UV-laser 

technology based on the excitation of an AlGaN MQW nanostructure by a shaped electron beam 

from a high-current cathode, such as those based on carbon nanotubes (CNT). First, we target a 

proof-of-principle demonstration of an electron beam pumped UV laser emitting at 350 nm. 

Figure 1.3 presents a schematic of the initial prototype of the device. This project is in 

collaboration between CEA/IRIG/PHELIQS, my hosting lab, in charge of the growth, 

characterization and fabrication of the active medium; CNRS/Institut Néel, in charge of 

simulations and characterization; and CNRS/Université Claude Bernard Lyon I/ILM, in charge of 

the electron beam technology.  

 
Figure 1.3. Schematic description of the initial device protoype, including a planar cathode and a 

semiconductor dice with a multimode waveguide containing the MQW active region. 

Within this framework, my tasks were the following: 

▪ Design of the MQW heterostructure, including the optical waveguide, by simulation tools 

(COMSOL, nextnano3, CASINO). 

▪ Epitaxial growth of the heterostructures by plasma-assisted molecular beam epitaxy 

(PAMBE). 

▪ Optical characterization of the heterostructures by photoluminescence (PL) and 

cathodoluminescence (CL), plus collaborating in the structural characterization by electron 

microscopy, atomic force microscopy (AFM) and x-ray diffraction (XRD). 

▪ Fabrication of laser cavities from the heterostructures in cleanroom facilities, including 

lithography, metal deposition and reactive ion etching. 

 



Chapter 1 – Context and motivation 

7 
 

1.3 Organization of the manuscript 

This manuscript starts by the introductory pages of Chapter 1, where I offer a general and brief 

historical overview to the III-nitride UV technology during the last decades, which justifies the 

motivation and targets of this work. 

Chapter 2 is dedicated to introduce in detail the concepts that are important for this work. In 

particular, I present the properties of III-nitride materials, with an emphasis on GaN, AlN and their 

ternary alloy AlGaN, followed by the fundamentals of laser physics. The last two sections are 

devoted to introducing electron beam pumping and its particularities, together with a brief review 

of the state of the art of this technology applied to semiconductor lasers. 

Chapter 3 introduces all the experimental methods and tools used during this work, describing 

the different techniques and their operation conditions. This chapter includes the epitaxial 

growth, characterization techniques, simulation tools and clean-room fabrication procedures. 

Chapter 4 presents the main device designs for UV-A laser emission and their justification in 

terms of electrical and optical properties. Then, I describe the growth conditions of the main 

samples for each design, together with their structural characterization. Finally, the as-grown 

samples are characterized optically in terms of emission under optical and electron beam 

pumping, to extract internal quantum efficiency and optical gain. The suitability of the 

designs/samples as active medium for electron beam pumping lasers is discussed. 

Chapter 5 is dedicated to the fabrication of optical cavities from the samples described in 

Chapter 4, and the characterization of their lasing emission under optical pumping. First, cavities 

are fabricated by mechanical cleaving. Then, in order to reduce the lasing threshold, a two-step 

etching process is developed to obtain smoother and vertical cavity facets. We report lasing 

emission for both cases and we discuss the benefits of the two-step process for the laser 

performance. In addition, in this chapter, I discuss the observed decorrelation between the lasing 

threshold and the internal quantum efficiency in our samples, and I perform an estimation of the 

lasing threshold under electron beam pumping. 

Chapter 6 describes our first steps towards the achievement of UV-C AlGaN-based electron 

beam pumped lasers. In this chapter, I present new designs targeting shorter wavelengths and the 

last experimental results including the growth of separate confinement heterostructures on bulk 

AlN.  

Chapter 7 contains the general conclusions extracted from this work, how they relate to our 

initial targets, and a discussion on future prospects on this research field. 
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Chapter 2  
Introduction to III-nitride semiconductors 
and e-beam pumped lasers 
 

This chapter introduces III-nitride materials and electron beam pumped lasers. First, we present the 

structural and electronic properties of III-N semiconductors, and we discuss the formation of 

heterostructures. Then, we describe the principles of lasing and electron beam pumping, and describe the 

design and operation of an electron beam pumped laser. The chapter concludes with a summary of the state 

of the art of III-N electron beam pumped lasers. 

Part of this chapter is published as a review paper: “Electron beam pumped light emitting devices”, S. Cuesta 

et al., J. Phys. D: App. Phys. 55, 273003 (2022) [52]. 

 

2.1 III-nitride materials 

III-nitride materials are compound semiconductors that consist of group III metals 

(particularly Al, Ga and In) and the group V element N. Their binary compounds are GaN, AlN and 

InN, and by combining them, it is possible to synthesize their ternary and quaternary compounds. 

In this project, we will focus on GaN, AlN and their ternary alloy AlGaN. 

2.1.1 Crystal structure 

III-nitride semiconductors (GaN, AlN, InN and their alloys) can adopt three types of crystalline 

configurations, namely wurtzite (α-phase), zinc blende (β-phase) and rock salt (γ-phase), as 

illustrated in Figure 2.1. The wurtzite and zinc-blende phases can be obtained through epitaxial 

growth techniques. In contrast, the rock-salt phase can only be synthesized at high pressure [53]. 

  

Figure 2.1. Schematic representation of (a) wurtzite, (b) zinc blende and (c) rock salt structures. The orange 

and blue spheres indicate metal and N atoms, respectively. [54] 
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In order to understand the geometry of the unit cells, the hexagonal and cubic systems are 

illustrated in Figure 2.2. 

 
Figure 2.2. (a) Hexagonal unit cell with base vectors a1, a2, a3 and c. (b) Cubic unit cell with base vectors a1, a2 

and a3. 

The directions and crystallographic planes in a hexagonal symmetry are described using the 

Miller-Bravais indices, which are four integers generally denoted by the letters h k i l. The first 

three indices represent the basal axes a1, a2 and a3, while the fourth index represents the vertical 

c axis. Note that the first three indices form an angle of 120° between each other, satisfying the 

relation i = -(h+k), as illustrated in Figure 2.2(a). In the case of cubic symmetry, the notation uses 

three integers denoted by h k l. The three indices represent the basal axes a1, a2 and a3, which are 

perpendicular to each other, as illustrated in Figure 2.2(b). 

The wurtzite structure presents hexagonal symmetry and it consists of two hexagonal 

sublattices of metal (Al, Ga, In) and nitrogen (N) atoms, respectively, shifted by 𝑢 =
3

8
𝑐 along the 

[0001] direction, as shown in Figure 2.1(a). The zinc blende structure shows a cubic symmetry, 

and it consists of two interpenetrating face-centered cubic sublattices shifted by 
√3

4
[111] with 

respect to each other, as shown in Figure 2.1(b).  In wurtzite and zinc blende configurations, each 

atom is tetrahedrally coordinated. The wurtzite structure can be generated from zinc blende by 

rotating adjacent tetrahedra around their common bonding axis along [111] by an angle of 60° 

with respect to each other.  

In this work, we focus on the wurtzite phase, which is the most thermodynamically stable 

configuration. The lattice parameters that define the wurtzite unit cell are the edge of the hexagon 

(a), the height of the hexagon (c) and the anion-cation bond length (u) along the [0001] direction. 

For an ideal wurtzite crystal, the c/a and the u/c ratios are 1.633 and 0.375, respectively. However, 

even in bulk materials, these ratios deviate from their ideal values. Table 2.1 describes the lattice 

parameters of bulk wurtzite III-nitrides. 
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Table 2.1. Lattice parameters of bulk GaN, AlN and InN at room temperature. 

 GaN AlN InN 

c (Å) 5.185 4.982 5.703 

a (Å) 3.189 3.112 3.545 

c/a 1.626 1.6 1.608 

u/c 0.377 0.382 0.377 

References [55,56] [55,56] [56] 

 

In the case of ternary alloys, the lattice parameters can be calculated by linear interpolation 

from binary compounds following Vegard’s law: 

𝑎𝐴𝑙𝑥𝐺𝑎(1−𝑥)𝑁 = 𝑎𝐴𝑙𝑁𝑥 + 𝑎𝐺𝑎𝑁(1 − 𝑥) (2.1) 

In the wurtzite geometry, the planes perpendicular to the [0001] axis or c-direction are called 

“polar planes”, denoted as {0001} plane family or c-plane (orange in Figure 2.3), and they have 

only group III metal or N atoms in their surface. The planes parallel to the c-direction are called 

“non-polar planes”, and they contain an equal number of metal and N atoms on their surfaces. The 

most important families of non-polar planes are the {1-100} m-plane (green in Figure 2.3) and the 

{11-20} a-plane (blue in Figure 2.3). The rest of the surfaces that form an angle other than 0° or 

90° with the c-axis are called “semi-polar planes”, e.g. the {11-22} plane family (purple in Figure 

2.3). The preferential orientation used for GaN epitaxy is the c-plane, with a well-established 

knowledge of the epitaxial mechanisms.  

 

Figure 2.3. Schematic view of the main polar, non-polar and semi-polar planes. 



2.1. III-nitride materials 

 

12 
 

The hexagonal wurtzite structure is asymmetric in the [0001] and [000-1] directions. The axis 

sign is determined by the orientation of the vector associated to the metal-nitrogen bond along 

the <0001> axis. The [0001] direction is arbitrarily defined by the vector pointing from a metal 

atom to a nitrogen atom, as illustrated in Figure 2.4. We denote the material as metal-polar if 

grown along [0001] and nitrogen-polar if grown along [000-1]. 

 
Figure 2.4. Schematic drawing of the crystal structure of Ga-polar and N-polar wurtzite GaN. [57] 

The polarity strongly affects the surface morphology [58], chemical reactivity, optical 

properties [59] and growth features of the material [60]. The choice of polarity depends on the 

nature of the substrate and the growth conditions. Usually, Ga-face GaN is preferred as it offers 

higher chemical stability and it is easier to control the surface morphology during the epitaxial 

growth. 

2.1.2 Elastic properties 

III-nitride layers are commonly synthesized on c-plane oriented templates, using sapphire, SiC 

or Si as substrates. The lattice mismatch between the layer and the template, together with 

thermal expansion effects, imposes an in-plane stress on the epitaxial layer, which can affect the 

optical and electronic properties of the material. When growing along the <0001> axis, the lattice 

mismatch between the substrate and the epilayer is given by 

𝑓 =
𝑎𝑠𝑢𝑏 − 𝑎𝑒𝑝𝑖
𝑎𝑠𝑢𝑏

 (2.2) 

where asub and aepi refer to the in-plane lattice parameter of the substrate and the relaxed material 

of the epitaxial layer, respectively. 

For small stress, the lattice reacts elastically through a shape deformation (strain), leading to 

pseudomorphic growth. The strain can be either tensile for f > 0, or compressive for f < 0 (see 
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Figure 2.5). When the accumulated elastic energy exceeds a certain value, relaxation occurs 

plastically via formation of dislocations or cracks, leading to metamorphic growth.  

 

  
Figure 2.5. Schematic illustrating the strain as a function of the lattice mismatch. 

In the linear elasticity regime, Hooke’s law describes the relation between the stress (𝜎𝑖𝑗) 

applied to the material and the strain (𝜀𝑘𝑙): 

𝜎𝑖𝑗 =∑𝐶𝑖𝑗𝑘𝑙
𝑘𝑙

𝜀𝑘𝑙 (2.3) 

where 𝐶𝑖𝑗𝑘𝑙 is the fourth order elastic tensor. To simplify the notation, we introduce the indices 

{1, 2, 3, 4, 5, 6} to substitute indices {xx, yy, zz, yz, zx, xy}: 

𝜀1 = 𝜀𝑥𝑥 

𝜀2 = 𝜀𝑦𝑦 

𝜀3 = 𝜀𝑧𝑧 

𝜀4 = 𝜀𝑦𝑧, 𝜀𝑧𝑦 

𝜀5 = 𝜀𝑧𝑥 , 𝜀𝑥𝑧 

𝜀6 = 𝜀𝑥𝑦, 𝜀𝑦𝑥 

𝜎1 = 𝜎𝑥𝑥 

𝜎2 = 𝜎𝑦𝑦 

𝜎3 = 𝜎𝑧𝑧 

𝜎4 = 𝜎𝑦𝑧, 𝜎𝑧𝑦 

𝜎5 = 𝜎𝑧𝑥, 𝜎𝑥𝑧 

𝜎6 = 𝜎𝑥𝑦, 𝜎𝑦𝑥 

For hexagonal crystal symmetry, the elastic tensor matrix contains six elastic modules, five of 

which are independent, as given in equation (2.4): 

𝐶𝑖𝑗 =

(

 
 
 
 

𝐶11 𝐶12 𝐶13 0 0 0
𝐶12 𝐶11 𝐶13 0 0 0
𝐶13 𝐶13 𝐶33 0 0 0
0 0 0 𝐶44 0 0
0 0 0 0 𝐶44 0

0 0 0 0 0
1

2
(𝐶11 − 𝐶12))

 
 
 
 

 (2.4) 

The elastic stiffness constant can be found experimentally performing Brillouin or Raman 

scattering. However, due to the difficulties of growing high quality crystals, we can find some 

discrepancies between the theoretical and experimental values, as summarized in Table 2.2. 
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During the epitaxial growth of thin films on the (0001) plane, the in-plane stress is uniform 

(𝜎11 = 𝜎22 = 𝜎) and there is no stress along the [0001] c-axis. In this configuration of biaxial 

stress, equation (2.3) can be simplified as: 

(
𝜎
𝜎
0
) = (

𝐶11 𝐶12 𝐶13
𝐶12 𝐶11 𝐶13
𝐶13 𝐶13 𝐶33

)(

𝜀1
𝜀2
𝜀3
) (2.5) 

Due to symmetry, the strain components ε1 and ε2 are equal such that: 

𝜀1 = 𝜀2 = 𝜀𝑥𝑥 = −(𝑎𝑒𝑝𝑖 − 𝑎𝑠𝑢𝑏)/𝑎𝑠𝑢𝑏 (2.6) 

As consequence, the biaxial stress induces also a strain component ε3, along the c-axis, opposite 

to ε1 and ε2: 

𝜀3 = 𝜀𝑧𝑧 = −2(𝐶13/𝐶33)𝜀1 (2.7) 

Table 2.2. Theoretical and experimental stiffness constant for GaN, AlN and InN in GPa. 

 C11 C12 C13 C33 C44 References 

GaN 

396 144 100 392 91 [61] The. 

367 135 103 405 95 [62] The. 

374 106 70 379 101 [63] Exp. 

390 145 106 398 105 [64] Exp. 

AlN 

398 140 127 382 96 [61] The. 

396 137 108 373 116 [62] The. 

411 149 99 389 125 [65] Exp. 

410 140 100 390 120 [66] Exp. 

InN 

271 124 94 200 46 [61] The. 

223 115 92 224 48 [62] The. 

225 109 108 265 55 [67] Exp. 

 

2.1.3 Spontaneous and piezoelectric polarization 

An intrinsic property of III-nitride materials is the presence of polarization in the crystal. The 

nitrogen atoms are more electronegative than the metal atoms, thus converting the cation-anion 

bond into an electrostatic dipole. Due to the lack of symmetry of the wurtzite structure, this charge 

distribution is not fully compensated along the [0001] direction, leading to spontaneous 

polarization (Psp). The values of spontaneous polarization for III-nitride materials are described 

in Table 2.3, using different approximation methods.  
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Table 2.3. Calculation of spontaneous polarization for wurtzite GaN, AlN and InN. 

 GaN AlN InN 

Psp (C/m2) [68] -0.029 -0.081 -0.032 

Psp (C/m2) [69] -0.032 -0.100 -0.041 

Psp (C/m2) [69] -0.034 -0.090 -0.042 

 

When applying mechanical stress to the system, an additional piezoelectric component of the 

polarization (Ppz) appears. Therefore, the total polarization of the system is the sum of both 

spontaneous and piezoelectric polarization. The piezoelectric polarization can be calculated from 

the following equation: 

𝑃𝑝𝑧 = (

0 0 0 0 𝑒15 0
0 0 0 𝑒15 0 0
𝑒31 𝑒31 𝑒33 0 0 0

)

(

  
 

𝜀1
𝜀2
𝜀3
𝜀4
𝜀5
𝜀6)

  
 

 (2.8) 

where eij are the piezoelectric coefficients of the material and εij form the stress tensor. The values 

of the piezoelectric coefficients for III-nitride materials are summarized in Table 2.4. 

Table 2.4. Calculation of piezoelectric coefficients for wurtzite GaN, AlN and InN. 

 GaN AlN InN 

e31 (C/m2) [68] -0.49 -0.60 -0.57 

e33 (C/m2) [68] 0.73 1.46 0.97 

e15 (C/m2) [70] -0.30 -0.48 - 

 

2.1.4 Band structure 

The electronic band structure of a semiconductor describes what energy ranges can be 

occupied by electrons. It can be obtained from the Schrödinger equation and it is represented as 

energy E(k) as a function of the wavevector �⃗�  = (k1, k2, k3). The band structures for GaN and AlN 

are presented in Figure 2.6 (a) and (b), respectively. Considering the Brillouin zone, which is a 

unit cell in the reciprocal space, we find critical points of high symmetry labelled as Γ, A, H, K, L 

and M, being Γ the center of the Brillouin zone (k = 0). The energy distribution along the paths 

connecting these points describe all the possible occupations in the space. The energy band gap 

of a semiconductor is defined as the difference between the highest energy point in the occupied 

valence band and the lowest energy point in the unoccupied conduction band. When these two 
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extremes converge in the same symmetry point, the band gap is direct; otherwise, the band gap is 

indirect. In the case of III-N, the band gap is direct and located at the Γ point. 

 
Figure 2.6. Band structure of wurtzite (a) GaN and (b) AlN. [71] 

From the band structure, it is interesting to see that the valence band is split into three 

subbands due to the spin-orbit coupling and the static electric field produced by the spontaneous 

polarization (crystal field). These are called heavy hole (HH), light hole (LH) and crystal field hole 

(CH) subbands. These three subbands are illustrated in Figure 2.7, which is a zoomed image of the 

valence band maximum at Γ point. 

 
Figure 2.7. Valence band energy levels HH, LH and CH around the Γ point for wurtzite (a) GaN and (b) AlN. [72] 

An effective mass approximation can be used to describe the band at the Γ point as a parabola. 

In this approach, the motion of both electrons and holes can be expressed as the motion of free 

particles with an effective mass m*. The Schrödinger equation can be solved with a one-electron 

Hamiltonian, neglecting the electron-hole interaction and assuming a small electric field. The 

effective mass values of electrons and holes for GaN and AlN are summarized in Table 2.5. 

The semiconductor band gap is a crucial parameter to understand the optoelectronic behavior 

of the material.  The gap energy varies with temperature due to the lattice expansion and the 
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derived electron-lattice interaction. The evolution of the band gap energy with temperature can 

be modelled by the Varshni equation [73]: 

𝐸𝑔(𝑇) = 𝐸𝑔(𝑇 = 0) −
𝛼𝑇2

𝛽 + 𝑇
 (2.9) 

where α is the Varshni coefficient, β is the Debye coefficient. These parameters were found 

empirically and their values are reported in Table 2.5. 

The band gap of ternary compounds (i.e. AlGaN) can be approximated by quadratic 

interpolation of the band gaps of the corresponding binary compounds: 

𝐸𝑔
𝐴𝑙𝑥𝐺𝑎(1−𝑥)𝑁 = 𝑥𝐸𝑔

𝐴𝑙𝑁 + (1 − 𝑥)𝐸𝑔
𝐺𝑎𝑁 − 𝑥(1 − 𝑥)𝑏 (2.10) 

where b is a bowing parameter that accounts for the deviation from the linear interpolation 

between the two binary compounds. The reported values of b for AlGaN are in the range of 0-1.5 

eV, since the strain state can also influence the bowing parameter [74–76]. In this work, we used 

b = 0.62 eV [77] for our calculations. 

Table 2.5. Band gap at T = 0 K, effective mass (m0 being the electron mass in vacuum) and band parameters 

of wurtzite GaN and AlN. 

Parameters (units) Symbol GaN AlN 

Band gap (eV) Eg 3.51 [56] 6.23 [56] 

Electron effective mass 𝑚𝑒
∗  0.2 m0 [78] 0.27 m0 [79] 

Hole effective mass 𝑚ℎ
∗  1.25 m0 [80] 1.44 m0 [81] 

Varshni coefficient (meV/K) α 0.59 [82] 1.999 [56] 

Debye coefficient (K) β 600 [82] 1429 [56] 

 

2.1.5 III-nitride heterostructures 

III-nitride compounds offer enormous opportunities in the optoelectronic field, due to their 

band gaps being able to embrace a vast part of the electromagnetic spectra. Figure 2.8 shows a 

diagram with the band gap energy of III-nitrides as a function of their lattice parameter. The band 

gap of ternary alloys results from the interpolation of the binary compounds, as stated in equation 

(2.10). The spectral range covers wavelengths from the infrared to the ultraviolet. 
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Figure 2.8. III-N materials band gap as a function of the lattice parameter. [83] 

The advances in epitaxial deposition techniques permit the fabrication of heterostructures, 

which opens the path towards band gap engineering. When putting two materials with different 

band gap together, there are three possibilities of alignment of band gap minima along the growth 

direction depending on the conduction band offset, named type I, II and III (see Figure 2.9). In the 

case of III-nitrides, heterostructures are mostly type I, and in particular, the conduction band 

offset in the AlN/GaN system is  1.8 eV [84].  

 
Figure 2.9. Schematic description of the three types of band edge profile at heterojunctions. 

The concept can be taken further to produce heterostructures like quantum wells (QWs), 

where quantum confinement generates quantified electron levels. However, as stated in section 

2.1.3, III-nitrides present spontaneous polarization whose value differ between materials. 

Therefore, the discontinuity of polarization vector at the heterointerface between two different 

materials results in a fixed charged sheet (+/- σ) at the interface. The fixed charges generate an 

internal electric field (E) that bend the band structure, as illustrated in Figure 2.10(a) for an 

AlGaN/GaN/AlGaN heterostructure grown along the [0001] polar direction. In this configuration, 

the polarization in GaN is weaker than in AlN, thus generating an internal electric field along the 

[0001] direction. As a result, the electron and hole wave functions get spatially separated. The 

overlap between both functions is lower than in a symmetric well, thus reducing the probability 

of radiative recombination. In addition, the band-to-band transition is shifted towards lower 
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energies (red shift). The consequences of the band bending are called quantum confinement Stark 

effect (QCSE); they must be considered carefully when designing devices using polar materials. In 

contrast, in heterostructures grown on non-polar planes such as the m- or the a-direction, the 

polarization is perpendicular to the growth direction. Hence, all the dipoles are compensated and 

there is no fixed charge at the heterointerfaces. This means that, in a QW, the electron and hole 

wave functions are aligned, as illustrated in Figure 2.10(b). 

 

Figure 2.10. Schematic of AlGaN/GaN/AlGaN heterostructure with energy band structure for growth along 

(a) the polar c-direction and (b) the non-polar m-direction. The band diagram represents one period in a 

GaN/AlGaN infinite superlattice. 

 

2.2 Fundamentals of laser 

A semiconductor laser is a solid-state device that consists of a semiconductor gain medium 

inserted in an optical cavity. Optical amplification results in stimulated emission, which requires 

a situation of population inversion and gain regime. These conditions can be attained through 

electrical injection, electron beam pumping or optical pumping. In this section, the basics of laser 

physics are introduced, highlighting figures of merit such as threshold and gain.  

2.2.1 Spontaneous and stimulated emission 

Let us consider a semiconductor, with the conduction band and the valence band separated by 

the band gap energy Eg (see Figure 2.11). A photon with energy hν equal or higher to Eg that 

separates the two levels can be absorbed to promote one electron from the valence to the 

conduction band, generating an electron-hole pair. The resulting hole will relax towards the 

valence band edge (fundamental level) and the electron will relax towards the conduction band 

edge (excited state). If no more excitation occurs, and neglecting non-radiative recombination, the 
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electron and hole will recombine emitting a photon with energy Eg and random phase and 

direction. This phenomenon is known as spontaneous emission.  

However, if there is an electron in the excited state and a photon with energy hν arrives, a new 

radiative recombination process can occur, stimulated emission, which consists in the emission 

of a photon of energy Eg induced by a photon of the same energy. In this case, the two photons are 

coherent, with the same frequency, direction and phase. 

 

Figure 2.11. Schematic of the three mechanism of interaction between a photon and a two level system. 

 

In a two level system with 𝑁1 carriers in the fundamental state (level 1) and  𝑁2 carriers in the 

excited state (level 2), excited with energy density 𝑢(𝑣), the transition probability rates of the 

above-described phenomena  can be described as follows 

𝑆𝑝𝑜𝑛𝑡𝑎𝑛𝑒𝑜𝑢𝑠 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑟𝑎𝑡𝑒:  𝑅𝑠𝑝 =  𝐴𝑁2 

𝑆𝑡𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑟𝑎𝑡𝑒:  𝑅𝑠𝑡 = 𝐵21𝑁2 ∙ 𝑢(𝑣) 

𝐴𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒:  𝑅𝑎𝑏𝑠 = 𝐵12𝑁1 ∙ 𝑢(𝑣) 

 where 𝐴 and 𝐵 are Einstein coefficients. Since absorption and stimulated emission are inverse 

processes, 𝐵12 = 𝐵21 = 𝐵. Therefore, the population of carriers in each level determines the 

dominant process. When the excitation is low, the number of carriers in the excited state is small 

(𝑁2 < 𝑁1) so the probability of absorption is larger than the probability of stimulated emission. 

On the other hand, under high excitation density, a high number of carriers are promoted to 

excited states. When 𝑁2 > 𝑁1, the probability of stimulated emission becomes higher than the 

probability of absorption. This regime is known as population inversion, and it is one of the 

conditions to generate lasing. In practice, it is not possible to achieve population inversion in a 

two-level system in thermal equilibrium, limited to the condition where 𝑁2 = 𝑁1. Lasers usually 

work with a 4-level system, but in this explanation we considered a two-level system for 

simplicity. 
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2.2.2 Threshold and gain 

A scheme of an optical cavity of length L is presented in Figure 2.12. Two mirrors limit the 

cavity, with reflectivity R1 and R2. If we consider a photon that starts at the center of the cavity 

with initial intensity I0, the light intensity after one round trip in the cavity is given by 

𝐼 = 𝐼0𝑒
2𝐿(𝑔−𝛼𝑖)𝑅1𝑅2 (2.11) 

where g is the net gain and αi are the internal losses, related to phenomena of scattering or 

absorption of the light.  

The lasing threshold is the lowest excitation level at which the laser output is dominated by 

stimulated emission instead of spontaneous emission. Therefore, the threshold is the excitation 

level at which gain compensates optical losses. At the threshold (I = I0), equation (2.11) becomes 

𝑒2𝐿(𝑔𝑡ℎ−𝛼𝑖)𝑅1𝑅2 = 1 (2.12) 

where gth is the net gain at the threshold. Therefore, we can write 

𝑔𝑡ℎ = 𝛼𝑖 +
1

2𝐿
𝑙𝑛

1

𝑅1𝑅2
= 𝛼𝑖 + 𝛼𝑚 (2.13) 

where αm are the losses related to the mirrors of the cavity. Therefore, in order to obtain lasing 

emission, the net gain must be greater than the sum of all the optical losses. The net gain, also 

called modal gain, results from the product of the material gain (gmaterial) and the optical 

confinement factor (Γ or OCF) of the cavity: 

𝑔 = Γ𝑔𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 (2.14) 

The material gain is an intrinsic property from each material. However, the optical confinement 

factor depends on the cavity design.  

 
Figure 2.12. Schematic of a laser cavity of length L, with internal losses αi and net gain g. The mirrors at each 

side of the cavity have reflectivity R1 and R2, respectively. 

The threshold power density, Pth, i.e. the pumping power density that is necessary to inject in 

the device so that the stimulated emission becomes dominant, is proportional to gth such that 
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𝑃𝑡ℎ = 𝑘𝑔𝑡ℎ = 𝑘 (𝛼𝑖 +
1

2𝐿
𝑙𝑛

1

𝑅1𝑅2
) (2.15) 

For electron beam pumping, 𝑃𝑡ℎ = 𝑉𝑎 × 𝐼𝑡ℎ, where 𝑉𝑎 is the acceleration voltage and Ith is the 

current density at threshold conditions. Va defines the penetration depth of the electrons into the 

structure. Consequently, the depth location of the gain medium in the device will determine the 

optimum Va to maximize the carrier density in the active region. With this optimum value of Va, 

the excitation power can be tuned by increasing the current density injected in the semiconductor. 

In semiconductor lasers, the threshold was empirically observed to increase exponentially 

with temperature, following [85] 

 𝐼𝑡ℎ = 𝐼0 exp (
𝑇

𝜃
) (2.16) 

where 𝐼0 is the threshold at T = 0 and 𝜃 is a fitting coefficient, generally in the range of 50-110 K.  

 

2.3 Introduction to electron beam pumping 

Electron beam pumped lasers are clean and energy-efficient light emitting devices that can 

provide high light output and long service life. When exciting with an electron beam, electron-hole 

pairs are created by impact-ionization processes in the semiconductor, which obviates the need 

for doping or contacts. This approach is promising to be implemented in those spectral ranges 

where electrical injection is problematic, and it is compatible with ultra-wide band gap materials 

such as AlN. 

2.3.1 Electron beam pumping principle 

The working principle of electron beam pumped light emitting devices differs from the 

electrical current injection in the conventional light emitting diodes (LEDs) and laser diodes (LDs). 

Figure 2.13 presents a simplified diagram to compare the two approaches. LEDs and LDs, 

described in Figure 2.13(a), consist in a p-doped region and an n-doped region heterostructure. 

At equilibrium, the band structure of both regions align such that the Fermi level matches in the 

two sides of the junction. When the p-type region is positive biased with respect to the n-type 

region (forward bias), electrons from the n-side and holes from the p-side are injected into the 

junction, where they recombine with an energy equivalent to the band gap. In contrast, in an 

electron beam pumped source there is no need for a p-n junction to drive electrons and holes. In 

this latter case, the light emitting device consists of a vacuum tube that contains an electron gun, 

which serves as cathode, and a cathodoluminescent element, which is the anode. The operating 
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mechanism is described in Figure 2.13(b) in two steps. First, electrons are accelerated from the 

cathode to the anode by an acceleration voltage (Va), and they generate electron-hole pairs in the 

semiconductor material at the anode due to their collision with bonding electrons in the valence 

band. Then, the excited electrons will relax to their original state by radiative recombination, 

emitting a photon with energy equivalent to the band gap. 

 
Figure 2.13. (a) Operating principle of LEDs and LDs. On the left side, polarization scheme. On the right side, 

band diagram. Under positive bias, electrons and holes are injected into the depletion region and recombine 

emitting photons. (b) Operating principle of an electron beam pumped source. On the left side, polarization 

scheme. On the right side, band diagram describing the process in two steps: (1) accelerated electrons injected 

from the cathode generate electron-hole pairs by impact-ionization, and (2) the electron-hole pairs recombine 

emitting photons. 

2.3.2 Efficiency 

The performance of a light emitting device is characterized by its external quantum efficiency 

(EQE). The EQE is the ratio of the number of photons emitted by the device (𝑁𝑜𝑢𝑡
𝑝ℎ𝑜𝑡𝑜𝑛

) to the 

number of electrons injected into the device (𝑁𝑖𝑛
𝑐𝑎𝑟𝑟𝑖𝑒𝑟𝑠). The EQE can be decomposed in the 

product of three terms (see Figure 2.14):  

(i) Carrier injection efficiency (𝜂𝑖𝑛𝑗): ratio of the number of carriers that reach the active 

media (𝑁𝑎𝑐𝑡𝑖𝑣𝑒
𝑐𝑎𝑟𝑟𝑖𝑒𝑟𝑠) to the number of electrons injected into the device (𝑁𝑖𝑛

𝑐𝑎𝑟𝑟𝑖𝑒𝑟𝑠).  

(ii) Radiative recombination efficiency (𝜂𝑟𝑎𝑑): ratio of the number of photons generated by 

recombination (𝑁𝑎𝑐𝑡𝑖𝑣𝑒
𝑝ℎ𝑜𝑡𝑜𝑛

) to the number of carriers that reach the active media 

(𝑁𝑎𝑐𝑡𝑖𝑣𝑒
𝑐𝑎𝑟𝑟𝑖𝑒𝑟𝑠).  

(iii) Light extraction efficiency (𝜂𝑒𝑥𝑡): ratio of the number of photons emitted by the device 

(𝑁𝑜𝑢𝑡
𝑝ℎ𝑜𝑡𝑜𝑛

) to the number of photons generated (𝑁𝑎𝑐𝑡𝑖𝑣𝑒
𝑝ℎ𝑜𝑡𝑜𝑛

). Indicates how many photons 

are able to come out of the structure. 
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Figure 2.14. Schematic to summarize the EQE calculation and its factorization. 

The product of the injection efficiency and the recombination efficiency is typically referred to 

as internal quantum efficiency (IQE). Another term that can describe the performance of a device 

is the wall-plug efficiency (WPE), also known as power efficiency or conversion efficiency, which 

is the ratio of the radiant flux (i.e. the total radiometric optical output power, Pout, measured in 

watts) to the electrical input power, i.e. the efficiency of converting electrical power into optical 

power: 

𝑊𝑃𝐸 =
𝑃𝑜𝑢𝑡
 𝐼 · 𝑉

 (2.17) 

where I is the operating current and V is the operating voltage. In the case of LEDs and LDs, the 

EQE and the WPE can be related by the following equation [2,3]: 

𝑊𝑃𝐸 = 𝐸𝑄𝐸 · 𝜂𝑒𝑙 = 𝐸𝑄𝐸
ℏ𝜔

𝑒 · 𝑉
 (2.18) 

where ℏω is the emitted photon energy, e the electron charge, and 𝜂𝑒𝑙  the electrical efficiency, 

which is the ratio of the mean energy of the photons emitted and the total energy that an electron 

acquires from the power source. In the case of cathodoluminescent emitters, 𝜂𝑒𝑙  is the ratio 

between the energy of the emitted photon and the energy required to create an electron-hole pair, 

which depends on the semiconductor band gap energy, EG. Consequently, WPE is generally written 

as: 

𝑊𝑃𝐸 = 𝐸𝑄𝐸 · 𝜂𝑒𝑙 = 𝐸𝑄𝐸
ℏ𝜔

𝛽𝐸𝐺
 (2.19) 

where 𝛽 is a material-dependent coefficient associated with the band structure.  
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This coefficient 𝛽 is the ratio between the average energy required to create one electron-hole 

pair and the band gap energy, and is generally taken as 𝛽  3 [86]. In other words, it takes 

approximately 3 times the band gap energy to generate an electron-hole pair. This sets an upper 

limit of 33% to the WPE. It has been shown that that 𝛽  3 for direct-band-gap materials where 

the effective masses of electron and hole are approximately equal, but theoretical calculations 

predict lower values 𝛽  1.5-2 in wide band gap materials with 𝑚ℎ
∗  > 𝑚𝑒

∗  [87,88]. The value of 𝛽 is 

relatively independent of the emission wavelength, so that the wavelength dependence of the WPE 

of electron beam pumped devices is given by the EQE. 

2.3.3 Electron beam penetration depth 

When exposing a semiconductor material to an electron beam, incident electrons lose energy 

when they penetrate the semiconductor due to scattering by interaction with valence and core 

electrons. The penetration depth of the electron beam (Re) can be estimated using an empirical 

expression [86]: 

𝑅𝑒 =
4.28 × 10−6

𝜌
𝑉𝑎
1.75 (2.20) 

where 𝜌 is the material density (in g/cm3) and Va is the acceleration voltage (in kV). This simple 

equation was improved by Everhart and Hoff [89], who developed more accurate calculations 

leading to the Monte Carlo simulations used nowadays. Figure 2.15 presents Monte Carlo 

simulations on the trajectory of the electrons injected in GaN (𝜌 = 6.15 g/cm3) and AlN (𝜌 = 3.23 

g/cm3), for various values of Va. For simplicity, we assume a focused electron beam impinging on 

the sample surface, although the shape of the beam has little effect on the penetration depth of the 

electrons. 

The results in Figure 2.15 illustrate the effect of the material density and acceleration voltage. 

Higher density leads to an acceleration of the scattering events, so that the penetration depth of 

the electron beam decreases, following equation (2.20). On the other hand, increasing the 

acceleration voltage results in an enhancement of the penetration depth. Therefore, a key factor 

for maximizing the conversion energy is implementing an active region that overlaps with the 

expected electron trajectories at the required acceleration voltage. This is more challenging in the 

case of a laser structure, where the gain media is located in an optical cavity, and the ensemble 

should adapt to the electron penetration depth.  

For a certain design of the multilayer stack that constitutes the semiconductor active region, 

there will be an optimum acceleration voltage for maximum carrier collection. At that voltage, the 

output power can be tuned by varying the electron beam current, which is almost independent 
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from the penetration depth. Therefore, a high-brightness electron source can deliver high 

excitation power density, even for laser architectures that require low acceleration voltages. 

 
Figure 2.15. Monte Carlo simulations of the electron trajectory in (a) GaN and (b) AlN for Va = 5 kV, 10 kV and 

20 kV. The trajectories of absorbed electrons appear in blue and those of backscattered electrons are depicted 

in red. The inset plots represent the electron energy loss, i.e. the distribution of the cathodoluminescence  

emission intensity, as a function of the penetration depth in both materials. 

 

2.4 Electron beam pumped semiconductor lasers 

Electron beam pumped lasers are an interesting substitute for laser diodes in certain spectral 

windows, particularly in the UV range, with the capacity to deliver high power (up to  100 W) in 

both longitudinal and transversal laser configurations. The direct injection of carriers into the 

active medium completely obliterates the necessity of implementing contacts or inserting doped 

layers, which is appealing for materials with doping issues like III-nitrides or II-oxides. 

Furthermore, the carrier injection depth that can be controlled through the acceleration voltage, 

grants an additional degree of freedom for the design of the optical cavity. Efficiencies exceeding 

20% have been demonstrated using bulk semiconductors with high acceleration voltages (20-

50 kV). Progress in cathode research has allowed implementing compact high-current-density 

electron guns operating at relatively low acceleration voltage (1-10 kV), more adapted for the use 

of semiconductor anodes consisting of separate confinement heterostructures (particularly in the 

UV range) and the development of handheld devices. 
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In this section, we provide a brief review of the research on electron beam pumped 

semiconductor lasers. 

2.4.1 Device geometry 

Electron beam pumped semiconductor lasers can be fabricated in different configurations, 

with mainly two highlighted geometries: longitudinal and transversal [90,91]. In longitudinally 

pumped lasers, similar to vertical-cavity surface-emitting lasers (VCSEL), the laser emission 

propagates perpendicular to the semiconductor wafer. In general, the electron beam is parallel to 

the laser beam, as illustrated in Figure 2.16 (a), although it is also possible to pump at a certain 

angle. The semiconductor is usually pumped through one of the mirrors of the optical resonator. 

This geometry enables testing the sample on-wafer before manufacturing, and was originally 

considered for the fabrication of displays. However, the distribution of gain is strongly 

inhomogeneous along the axis of the optical cavity and the size of the gain region is limited by the 

penetration depth of the electron beam into the semiconductor.  

In transverse lasers, also named edge-emitting lasers, light is emitted through the edge of the 

sample, almost parallel to the surface of the wafer. The electron beam impinges perpendicular to 

the wafer surface, as shown in Figure 2.16 (b). The cavity length is defined by cleaved or etched 

and chemically polished mirrors. In this case, the distribution of the electron beam over the 

irradiated surface can be homogeneous, if properly designed. Therefore, the distribution of the 

gain can also be homogeneous along the cavity axis, but it is inhomogeneous in the transverse 

direction. This geometry is more conventional today, presenting better efficiency and higher 

output power than the longitudinal configuration. In this thesis, the laser samples will be designed 

to operate in transverse configuration. 

 

Figure 2.16. Geometry of laser cavities: (a) Longitudinal and (b) transversal configuration. L represents the 

cavity length. 1− electron beam, 2− active media, 3− mirrors, 4− substrate (window), 5− laser beam, 6− 

substrate (heatsink). 
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Heat management is a relevant issue to take into account in the fabrication of electron beam 

pumped laser devices. As a reminder from section 2.3.2, the average energy required to create an 

electron-hole pair in the semiconductor is roughly three times the band gap energy [86], and the 

remaining two-thirds of the injected power are converted into heat. To evacuate heat from the 

active region, it is particularly important to control the shape of the beam. For instance, in 

transverse lasers, a ribbon-shaped beam can increase the efficiency and reduce overheating due 

to electron loses. 

2.4.2 Historical introduction and state of the art 

The first stimulated emission from semiconductors under electron beam pumping was 

achieved at the Lebedev Physics Institute (USSR) in December 1963 by Nobel Laureate Nikolai G. 

Basov, using CdS single crystals cooled with liquid helium [92]. Basov already predicted [93]: 

“This type of excitation will evidently make it possible to create sources of coherent emission 

working in the far ultraviolet range.” In May 1964, Benoit à la Guillaume and Debever at Ecole 

Normale Superieure (France) achieved laser action in InAs single crystals cooled at  20 K [94]. 

During the following years, these reports motivated efforts to demonstrate lasing in some of the 

most common III-V and II-VI semiconductors with electron beam excitation. 

Still in 1964, Hurwitz and Keyes demonstrated the feasibility of the electron beam pumped 

GaAs laser in the infrared (842 nm) [95] at liquid helium temperature. A p-type GaAs crystal was 

cleaved to obtain two parallel facets, creating a 210 µm long cavity. Experiments were performed 

under a pulsed electron beam operated at 50 kV (penetration depth  5-10 µm), with a pulse 

duration of 0.2 µs and a repetition rate of 1 kHz. The excitation beam was focused into a spot with 

a diameter of  0.5 mm on the cleaved facet. Two years later, Hurwitz demonstrated red (685 nm) 

CdSe and green (491 nm) CdS lasers with efficiencies close to 30% [96], as well as ZnS lasers 

operating in the UV (329 nm) [97], all of them at liquid nitrogen temperature. The experiments 

were performed in cleaved crystals with optical cavity lengths in the range of 40-500 µm. The 

electron beam, with a diameter of 0.5 mm, was pulsed with a pulse duration of 100-200 ns and a 

repetition rate of 60 Hz. The emitted light was collected from the same direction of the excitation 

beam incidence. The laser threshold was found at 1.5 A/cm2 for CdSe under 20 kV, and 

400 mA/cm2 for ZnS under 26 kV. 

Following the research line of Hurwitz, in 1966, Nicoll et al. [98] reported lasing at liquid 

nitrogen temperature in ZnO emitting at 375 nm with an efficiency of 0.1%. The amplified 

stimulated emission was achieved at 15 kV with a threshold of  3 A/cm2, under the excitation of 

an electron gun emitting 0.3 µs pulses with a repetition rate of 700 Hz. The spot size was 200 µm, 

equivalent to the cavity length that was formed by cleaving two parallel faces. 
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The above-mentioned experiments demonstrated lasing emission under electron beam 

pumping for different bulk semiconductor materials. This technology evolved rapidly in the Soviet 

Union, reaching the state of a commercial product in the form of sealed electron beam tubes [99], 

to be used in displays. Researchers demonstrated that the lasers could operate in cw mode, or 

emit picosecond pulses at a repetition frequency of tens of gigahertz. In pulsed regime, they could 

deliver peak output powers of tens of megawatts. The average output power could reach tens of 

Watts and the efficiency could reach  10%. A review of this research was published by O. V. 

Bogdankevich [100]. 

In the 80’s, advances in epitaxial processes paved the way to new configurations for both II-VI 

and III-V compounds, including GaAs-based heterostructures [101–104] or ZnSe thin films and 

ZnSe/ZnSSe superlattices grown on GaAs [105,106]. To this point, electron beam pumped lasers 

were operating at high acceleration voltages (typically around 40 kV) and with very high current 

injection density (tens of A/cm2). A reduction of threshold was obtained by replacing bulk or semi-

bulk active regions with waveguided heterostructures incorporating quantum wells. The use of a 

graded-index separate confinement heterostructure (GRINSCH), where the active quantum wells 

are embedded in a waveguide with graded heterointerfaces, was a major step ahead towards 

efficient devices. Applying the concept to the ZnCdSe/ZnSe (emission at 478 and 505 nm) and 

CdTe/CMnTe (753 nm and 763 nm) material systems reduced the required acceleration voltage 

below 10 kV and the threshold current below 1 A/cm2 [107,108]. Therefore, the pumping 

conditions became compatible with compact cold electron sources, such as microtip arrays [109]. 

In the last decades, researchers of the Moscow State Institute of Radio Engineering, Electronics 

and Automation (Russian Technological University) in collaboration with the Ioffe Institute in St. 

Petersburg developed a research program to demonstrate electron beam pumped green lasers 

using ZnSe-based separate confinement heterostructures in the transversal configuration [110–

115]. Using a single CdSe quantum dot layer as emitting element (wavelength = 535 nm) 

embedded in a complex ZnMgSSe/ZnSSe/ZnSe waveguide, they reported a room-temperature 

lasing threshold as low as 0.4-0.5 A/cm-2 at an acceleration voltage of 8-9 kV [112]. However, the 

design was not optimized in terms of conversion efficiency, since the  maximum efficiency was 

obtained for an acceleration voltage around 17-21 V, i.e. with the electron beam penetrating more 

than 1 µm into the semiconductor, which was well beyond the waveguide core (0.2 µm top 

cladding + 0.2 µm waveguide core) [113]. This misalignment resulted in important carrier 

injection losses. By enlarging the core of the waveguide to 0.65 µm and increasing the number of 

quantum dot layers to ten, the emission efficiency was boosted to 8.5% and they could 

demonstrate a peak output pulsed power of 12 W per facet at room temperature (pulse duration 

 50 ns, repetition rate   10 Hz) [113]. Extracting even more power at 535 nm was possible by 



2.4. Electron beam pumped semiconductor lasers 

 

30 
 

further enlarging the waveguide core (up to  2 µm) and by implementation of a multi-element 

laser array [114], as depicted in Figure 2.17. In this configuration, the maximum output pulsed 

power was 630 W (31 W per laser element) with an efficiency of 5% per facet, obtained for an 

acceleration voltage of 24 kV (pulse duration  0.5 µs). The concept was extended to “true green” 

devices ( = 547 nm), attaining peak pulsed output power of 80-100 W ( 3 W per laser element) 

at room temperature, with an acceleration voltage of only 5.6 kV (pulse duration  1 µs, repetition 

rate   10 Hz) [115]. The sample architecture and the threshold dependence with the acceleration 

voltage are illustrated in Figure 2.18. 

 
Figure 2.17. (a) Sketch of the ZnSe-based laser array: 1–electron beam, 2–laser elements, 3–laser bars, 4–heat 

sink. (b) Dependence of the output pulse power on the electron beam current for different acceleration 

voltages: 20 kV (open squares) and 24 kV (circles). The data corresponds to a 26-element laser array. 

[Reproduced from reference [114]] 

On the other hand, another international consortium explored electron beam pumped ZnSe-

based lasers in a longitudinal configuration [116,117], more adequate for laser projection 

applications. The study covered blue ( = 462 nm, quantum well material = ZnSe) and green 

( = 530 nm, quantum well material = ZnCdSSe) lasers. The highest efficiency corresponds to 

devices with an active region consisting of a 10  (blue) or 20  (green) cavity containing 20 

quantum wells, with both bottom and top distributed Bragg reflectors (DBRs) fabricated ex-situ 

by dielectric deposition [117]. The lower room temperature lasing thresholds were 60 A/cm2 

(blue) and 14 A/cm2 (green) using an acceleration voltage of 42 kV. For the same acceleration 

voltage, the maximum output power was 3.3 W (laser efficiency = 5%) and 5.9 W (laser efficiency 

= 10.4%) for the blue and green devices, respectively. 
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Figure 2.18. Electron beam pumped laser based on a CdSe/ZnSe nanostructure with ZnMgSSe confinement 

layers: (a) Schematic energy band diagram and spatial distribution of the electron energy loss in ZnSe for 

electron acceleration voltages of 3, 5, 7, 10 and 12 kV. The dotted line represents the spatial distribution of the 

fundamental waveguide mode. (b) Dependence of the threshold current density (black squares) and threshold 

power density (open circles) on electron energy. [Reproduced from reference [115]] 

A selection of electron beam pumped laser reports has been summarized in Table 2.6. 

Table 2.6. Summary of operation parameters of electron beam pumped semiconductor lasers: operation 

wavelength (λ), temperature (T) and acceleration voltage (Va), threshold current density (Ith) and threshold 

power density (Pth). 

Material λ (nm) T (K) Va (kV) Ith (A/cm2) Pth (kW/cm2) Ref. 

II-VI 

CdS 
491 77 20 kV 1.5 30 [96] 

525 300 40 kV 4 160 [118] 

CdSe 
685 77 20 kV 1.5 30 [96] 

690 100 35 kV 3 105 [119] 

ZnS 329 77 26 kV 0.4 10.4 [97] 

 330 80 75 kV 70 5,250 [120] 

ZnO 375 77 15 kV 3 45 [98] 

ZnSe 

450 100 40 kV 12 480 [119] 

450 15 20 kV 4 80 [105] 

493 300 15 kV 3 45 [110] 

462 300 37 kV 57 2,100 [117] 

547 300 11.5 kV 0.8 9 [115] 

ZnSe/ZnSSe 
454 100 35 kV 2.5 87 [106] 

474 300 35 kV 12 420 [106] 

CdTe 763 90   2 [107] 

ZnCdSe/ZnSe 

478 83   4-20 [108] 

484 300 40 kV 50 2,000 [121] 

490 80 40 kV 10 400 [122] 

490 300 40 kV 50 2,000 [122] 

ZnCdSSe 530 300 37 kV 37 1,370 [117] 

ZnSe/CdSe 494 300 15-18 kV 0.7 9-14 [111] 

CdSe/ZnSe 535 300 8-9 kV 0.4-0.5 3-5 [112] 

Cd(Zn)Se/ZnMgSSe 542 300   10.4 [113] 

ZnCdSe/ZnSSe 542 300 40 kV 8 320 [116] 

III-V 

GaAs 

841 4   50 [95] 

821 20 33 kV 1.75 58 [123] 

825 90   1 [107] 

GaInP/AlGaInP 643 300 40 kV 10 400 [124] 

InGaN/GaN 
402 100 35 kV 60 2,100 [125] 

409 300 150 kV 250 37,500 [125] 

AlGaN/InGaN/GaN 
430 300   144 [126] 

385 77 18 kV 5 90 [127] 

GaN/AlGaN 353 107   230 [51] 
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2.4.3 III-nitride electron beam pumped lasers 

In 1997, the first nitride-based electron-beam pumped laser was demonstrated by Kozlovsky 

et al. [125] using a 30-period InGaN/GaN MQW embedded in an AlGaN/GaN waveguide, which 

was pumped in the transversal configuration and displayed laser emission at 409 nm. Cavities 

with a length around 0.15 mm were defined by cleaving and operated at a high pumping power of 

2 MW/cm2 at 80K and more than 37 MW/cm2 at 300 K (quasi-cw excitation with an acceleration 

voltage of 35 kV). More recently, new heterostructures designed specifically for electron beam 

pumping (5-period InGaN/GaN MQW in an Al0.2Ga0.8N/Al0.1Ga0.9N waveguide, mechanically 

cleaved 0.5-1.2 mm long cavities, transversal configuration) have been able to reduce the 

threshold for lasing (λ = 429 nm) down to 100 kW/cm2 at room temperature [126]. They used an 

acceleration voltage of 9 kV, with a pulse duration of 300 ns and a repetition rate of 1.5 Hz. 

Below 370 nm, AlGaN must replace GaN in the contact layers of laser diodes, hence current 

injection becomes a major problem. AlGaN p-type doping is particularly challenging [128,129], 

and the high Mg density required to achieve p-type conductivity degrade the material quality and 

can result in absorption losses.  Also the activation energies of n-type dopants (Si, Ge) increase 

with the Al mole fraction [130–132], solubility issues have been raised [133], and some theoretical 

calculations predict a DX transition at high Al concentrations [134]. Therefore, the use of electron 

beam pumping appears as an interesting alternative for the implementation of AlGaN-based UV 

lasers. 

The first demonstration of a III-nitride based laser working under electron beam pumping in 

the UV range was reported by Hayashi et al. in 2017 (see Figure 2.19) [51]. It was the first In-free 

GaN/AlGaN electron beam pumped laser: the active region consisted of a 10-period 

GaN/Al0.07Ga0.93N MQW in an Al0.15Ga0.85N/Al0.07Ga0.93N waveguide. The cavity was a 50 µm square 

mesa defined by a combination of dry and wet etching. The device displayed laser emission at 

353 nm at 107 K under a pump power of 230 kW/cm2 (acceleration voltage = 15 kV, pulse 

duration = 20 ns, repetition rate = 3 MHz), about 4 times larger power density than the optical 

pumping threshold (55 kW/cm2 using a pulsed Nd-YAG laser). 
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Figure 2.19. (a) Schematic view of the sample structure. (b) Trajectory of the electron beam for an 

acceleration voltage of 15 kV (Monte Carlo simulations). (c) Integrated light intensity of the emission spectra 

as a function of the excitation power density. (taken from the work of Hayashi et al. [51]) 

The same year, Wunderer et al. [127] reported an electron beam pumped UV laser consisting 

of an active InGaN MQW embedded in a GaN/AlGaN waveguide, with dry-etched ridge and mirror 

facets. Their measurements were performed at 77 K under pulsed excitation (pulse duration = 

5 µs, repetition rate = 1 kHz). Lasing was demonstrated in the 375 nm to 385 nm range for 

resonator cavities with a length of 50 to 600 µm (see Figure 2.20). Their lowest threshold was at 

174 µA with an acceleration voltage of 18 kV, which would correspond to a power density 

threshold around 160 kW/cm2 for a 50-µm-diameter beam spot.  

 
Figure 2.20. (a) Shift of the laser emission wavelength for different cavity lengths. (b) Variation of the 

threshold current as a function of the resonator length. (taken from the work of Wunderer et al. [127]) 

There are also designs of III-nitride electron beam pumped lasers in the longitudinal 

configuration [135,136]. Chen et al. [136] proposed a structure based on an AlGaN λ-cavity on an 

epitaxially-grown AlN/Al0.47Ga0.53N DBR and completed ex situ with a dielectric DBR. However, 

such a device has not been experimentally demonstrated so far. 

The feasibility of pumping III-nitrides with electrons has been proved in the above mentioned 

reports. However, there are still important issues to address. At the moment of writing this thesis 

and to the best of my knowledge, no demonstration of room temperature operation for AlGaN-

based electron beam pumped UV laser has been reported. In this work, we try to make some 

progress in the research of e-beam pumped AlGaN based UV lasers, towards the achievement of 

room temperature operation and high efficiency device. 
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Chapter 3  
Experimental methods 
 

This chapter introduces the experimental methods that were used during my PhD thesis. First, it presents a 

general description of epitaxial growth by plasma assisted molecular beam epitaxy, to later focus on the 

materials of this work, namely GaN, AlN and AlGaN. The second part of the chapter describes the 

characterization techniques, including both structural and optical characterization. The last two sections 

contain a brief overlook to the simulation tools and cleanroom techniques or equipment for device 

fabrication. 

 

3.1 Epitaxial growth 

The concept of “epitaxy” is defined as the deposition of a material on a crystalline substrate, 

where the crystallographic arrangement of the deposited material (called epitaxial film/layer) is 

aligned with that of the substrate. Its etymological meaning comes from Greek, and it can be 

translated as “arranged upon”. When the deposited material is the same as the substrate, the 

process is called homoepitaxy. Otherwise, the process is called heteroepitaxy. 

 
Figure 3.1. Atomistic processes occurring on the surface during epitaxial growth. 

The growth progression depends on the properties of the materials but also on the adatom 

kinetics [137–139], affected mainly by the substrate temperature. The various atomistic 

processes that can take place at the growing surface are described in Figure 3.1, namely 

adsorption, diffusion, nucleation, step incorporation and desorption. The growth modes resulting 

from these processes are the following: 

- Multi-layer growth: When the adatom diffusion length is short, it results in the nucleation 

of multi-layered clusters, ultimately forming a rough surface. 
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- Layer-by-layer growth: When the adatom diffusion length is longer, the increased diffusion 

length results in the nucleation of monolayer (ML) clusters, with atomic layers completed 

one by one. 

- Step-flow growth: When the diffusion length is even longer, the adatoms have enough 

mobility to reach the step edges, which are often energetically favorable incorporation 

sites, and grow monolayers in a staggered way. 

In the case of heteroepitaxy, the atomistic processes still hold. However, the epitaxy is also 

largely influenced by the lattice mismatch between the two materials, surface free energy and 

dislocation formation energy. This results in three possible growth modes [140,141], illustrated 

in Figure 3.2: 

- Franck van der Merve (FM) growth mode: Adatoms attach preferentially to the surface sites 

due to comparable lattice constants (low lattice misfit), resulting in an atomically smooth 

surface. It is a 2D or planar growth mode. Misfit dislocations might appear to release strain 

above a certain critical thickness. 

- Volmer-Weber (VM) growth mode: Adatom-adatom interactions are stronger than adatom-

surface interactions due to a huge lattice misfit, resulting in three-dimensional clusters. It 

is a 3D growth, also called island growth mode. 

- Stranski-Krastanov (SK) growth mode: A mediate lattice misfit starts with a strained layer-

by-layer growth until the height is higher than the critical thickness resulting in relaxation 

of the layer and generating three-dimensional islands. It is a combination of 2D and 3D 

growth, also called layer plus island growth mode. Continuation of the growth leads to the 

formation of misfit dislocations (MD). 

 
Figure 3.2. Schematic of heteroepixaxial growth mode. 

Epitaxial growth can be performed by various techniques [142], including metalorganic vapor 

phase epitaxy (MOVPE), liquid phase epitaxy (LPE), hydride vapor phase epitaxy (HVPE), and 

molecular beam epitaxy (MBE). The latest is the method used in this work, due to its many 

benefits. The growth by MBE is carried out at low temperature (compared with other techniques 
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such as MOVPE) and under a relatively low growth rate (generally, less than 1 ML/s), resulting in 

an excellent control over the layer thickness and great surface and interface morphology. 

Furthermore, the growth in MBE is performed under an ultra-high vacuum (UHV) environment, 

which offers the possibility to follow-up the growth process in-situ real-time with techniques like 

reflection high-energy electron diffraction (RHEED). 

3.1.1 Plasma-assisted molecular beam epitaxy 

Molecular beam epitaxy was invented in the late 1960s at the Bell Telephone Laboratories by 

A. Y. Cho and J. R. Arthur [143]. The technique consist in the thermal evaporation or sublimation 

of the desired materials, providing an atomic or molecular beam that impinges on the substrate. 

It requires UHV (𝑃 ≤ 10−9 Torr as base vacuum, 𝑃 ≤ 10−5 Torr during growth) to ensure that the 

mean free path of the precursor molecules is much longer than the distance between the substrate 

and the source cells, and to prevent contamination from external elements. 

 

Figure 3.3. Schematic of the PAMBE used in this work (taken from [144]). 

Figure 3.3 presents the schematic of the MBE used in this work. The system consists of three 

chambers separated by gate valves: introduction chamber, transfer chamber and growth 

chamber. Samples are loaded into the system through the introduction chamber at atmospheric 

pressure and under nitrogen flux, to be then evacuated down to 10-8 Torr. After that, the samples 

are transferred to the transfer chamber, which is constantly kept at 10-9 Torr by an ionic pump. 

This chamber works as a buffer between the introduction chamber, which is often exposed to 

atmospheric conditions, and the growth chamber that requires always UHV conditions. In 

particular, the growth chamber is evacuated down to 10-11 Torr by a cryogenic pump combined 
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with a cryogenic cooling system with liquid nitrogen flowing through the chamber walls. During 

the growth, the pressure of the chamber rises to 5-8  10-6 Torr due to the nitrogen flux. The 

samples transferred into the growth chamber are mounted onto a 4-axis manipulator and 

adjusted to the growth position. The substrate holder allows heating the sample at the desired 

temperature, and rotate in-plane, which is useful to obtain homogeneous deposition. To be 

compatible with the manipulator, the substrates are previously glued on a molybdenum sample 

holder (molyblock) with molten indium. 

For the growth of III-nitrides, the metallic III elements (In, Ga, and Al) and doping elements (Si, 

Ge, Mg) are obtained from high-purity solid metals loaded in effusion cells, which consist of a 

crucible surrounded by heating coils, as depicted in Figure 3.4. By raising up the temperature of 

the effusion cells, the precursors are evaporated generating the molecular flux. Thus, the flux can 

be tuned by modifying the cell temperature. An accurate regulation of the cells temperatures is 

achieved through proportional-integral-derivative (PID) controllers. A mechanical shutter in 

front of each effusion cell is used to start or interrupt the beam flux at will. 

 

Figure 3.4. Schematic of an effusion cell (taken from [144]). 

In contrast, the nitrogen molecule (N2) cannot be thermally dissociated into mono-atomic 

nitrogen (N). There are two possibilities to obtain active N atoms: from an NH3 source, in which 

the bond of nitrogen is weaker than that in N2, or by using a radio-frequency plasma cell. In our 

case, we use the second approach, where active nitrogen is obtained by cracking high-purity 

molecular nitrogen (6N5) with a radio-frequency source. This technique is known as plasma-

assisted MBE (PAMBE). Our MBE is equipped with an automatic N plasma source HD25 supplied 

by Oxford Applied Research, illustrated in Figure 3.5. The plasma is monitored through an optical 

detector, and the flux of active nitrogen is controlled by tuning the radio-frequency power. 

 

Figure 3.5. Schematic of the nitrogen plasma cell (taken from [144]). 
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3.1.2 Reflection high energy electron diffraction 

The UHV environment during the growth in PAMBE makes it possible to monitor the 

morphology and crystal structure of the growing surface in-situ and real-time by reflection high 

energy electron diffraction. RHEED is a characterization technique where electrons are emitted 

from a hot filament and accelerated under high-voltage (in our case, current = 1.5 A and 

acceleration voltage = 32 kV). The electron beam strikes the sample at a small grazing angle, and 

the diffracted beam impinges on a fluorescent phosphor screen mounted on the opposite side. A 

schematic description of the RHEED measurement principle is shown in Figure 3.6. The image 

displayed on the screen is the Fourier transform of the lattice interacting with the beam. It 

corresponds to the intersection of the reciprocal lattice rods with the Ewald sphere of radius 𝑘𝑖 =

2𝜋

𝜆
 where λ is the wavelength of the electron (λ = 0.124 Å).  

 

Figure 3.6. Schematic description of the RHEED principle. 

Observing the pattern, the 2D or 3D nature of the surface morphology and a qualitative 

estimation of the crystal quality can be obtained. A summary with different cases are described in 

Figure 3.7. In an ideal atomically smooth and single crystalline surface, the crystal lattice would 

correspond to perpendicular rods. This would lead to a RHEED pattern consisting of infinitesimal 

spots aligned on a radial arc. However, due to instrumental divergence and non-idealities of the 

surface, the thickness of the Ewald sphere is not zero and a streaky pattern is observed [145]. In 

the case of a polycrystal, the Ewald sphere is intersected everywhere, leading to a ring-shaped 

pattern, sign of grains with different orientations. In the case of rough surfaces, the beam is 

diffracted by the vertical planes leading to a spotty pattern. Finally, in the presence of islands (i.e. 

nanowires or quantum dots), additional lines appear due to the diffraction on the island facets. 

One can reduce the explanation to a simplistic statement: 2D surfaces will present streaky 

patterns, while any 3D geometry will lead to spotty patterns. 
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Figure 3.7. Schematic of RHEED patterns for different surface morphologies (taken from [146]). 

The RHEED intensity can also provide information about the growth rate under layer-by-layer 

growth conditions [147,148]. The time-dependent variation in the density of atoms at the growth 

front results in an oscillatory variation of the RHEED intensity. We define the coverage of atoms 

on the surface as θ, being minimum (θ = 0) when nth layer is complete and being maximum (θ = 1) 

when the n+1th layer is complete, leading again to a smooth surface. Figure 3.8 illustrates such 

variation, starting at minimum coverage θ = 0. For intermediate coverage (θ = 0.5), the roughness 

is maximum and the intensity decreases to lowest. At θ = 0.75, the intensity recovers as the space 

between the nucleating sites gets covered. The surface flattens again at θ = 1, recovering the 

maximum RHEED intensity and the process repeats cyclically as the growth continues. A single 

RHEED oscillation corresponds to the growth of a monolayer. During the operation of the PAMBE, 

the calibration of the growth rate and the control of the 2D surface morphology are performed by 

studying the described RHEED features. 



Chapter 3 - Experimental methods 

41 
 

 

Figure 3.8. Schematic description of the RHEED intensity behavior as a function of the surface coverage  (taken 

from [144]). 

 

3.1.3 Growth of GaN (0001) 

The synthesis of high-quality III-N planar structures is extremely important for the 

development of high-performance optoelectronic devices based on these materials. Thus, it is 

crucial to understand the mechanisms involved. The growth of 2D polar GaN structures by PAMBE 

has been intensively investigated [149–151]. The model that better explains what processes can 

undergo a Ga atom in a PAMBE during the growth, leading to the formation of a GaN layer [152], 

is described in Figure 3.9. The impinging N atoms adhere to the growing surface in which we call 

adsorption. The impinging Ga atoms are also adsorbed, but there are two possible states. In the 

first one, the Ga adatom can fall into a weakly bound physisorbed state, where the electronic 

structure of the adatom is barely changed and it can be easily thermally desorbed from the surface. 

In the second case, the adatom can be transferred to a chemisorbed state through the formation 

of new chemical bounds with the surface. These two states are reversible: one physisorbed 

adatom can be transferred to chemisorbed state and vice versa. However, it is in the chemisorbed 

state when a Ga atom can meet an N atom and form a GaN layer.  
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Figure 3.9. Schematic representation of the process during the formation of a GaN layer  (taken from [153]). 

The growth kinetics are determined by the metal-to-nitrogen flux ratio (III/V ratio) and the 

substrate temperature. The GaN deposition under N-rich conditions occurs in a SK growth mode, 

with a RHEED pattern that becomes spotty after a few nanometers due to the roughening of the 

growth front. On the other hand, an excessive Ga-rich condition would lead to the formation of 

metal droplets on the surface that degrades the surface morphology. Therefore, to obtain smooth 

2D GaN layers, it is necessary to work under slightly Ga-rich conditions [154]. In particular, we 

use a Ga bilayer regime, with the Ga distribution illustrated in Figure 3.10. The first layer of 

adsorbed Ga is in a physisorbed state, aligned with the underlying substrate while the second one 

is liquid. This bilayer minimizes the (0001) surface energy and postpones the elastic relaxation of 

the layers, hence obtaining a smooth GaN growth front [151,155]. 

 

Figure 3.10. Schematic representation of the Ga bilayer model (modified from [156]). 

For a certain Ga flux, the amount of Ga adsorbed on the epilayer surface can be quantified by 

analyzing the Ga desorption transients using RHEED [149]. For this measurement, the GaN surface 

is firstly exposed for a few seconds to a Ga flux and N flux simultaneously to grow GaN. Then, both 

fluxes are interrupted and the RHEED intensity is recorded during the Ga desorption from the 

synthesized GaN surface. The experiment is repeated at a constant substrate temperature (TS) and 
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fixed N flux, while changing the Ga flux. After processing the data, four different regimes can be 

distinguished, as presented in Figure 3.11 for TS = 720 oC: 

- Regime A: For Ga flux ΦGa < 0.3 ML/s, the Ga coverage on the surface is negligible, N-rich 

conditions. 

- Regime B: For 0.3 ML/s < ΦGa < 0.35 ML/s, there is less than 1ML of Ga on the surface. 

- Regime C: For 0.35 ML/s < ΦGa < 0.475 ML/s, there is a bilayer of Ga ( 2.4 ML) on the 

surface. 

- Regime D: For ΦGa > 0.475 ML/s, the system reach the Ga accumulation regime, leading to 

the formation of metal droplets on the surface. 

The atomic force microscopy images confirm that the optimum growth conditions for 

obtaining a smooth surface is the Ga bilayer regime, corresponding to regime C. 

 

Figure 3.11. Ga coverage on top of GaN (0001) surface as a function of the Ga flux, with four distinguished 

regimes: (A) N-rich conditions; (B) Ga excess ≤ 1 ML; (C) Ga bilayer; (D) accumulation of Ga droplets. Atomic 

force microscopy images show the resulting surface morphology for each regime.  (modified from [157]). 

The above-mentioned experiment was performed at a fixed temperature, but varying the 

substrate temperature might affect the Ga desorption characteristics, thus changing the four 

regimes boundaries. Figure 3.12 illustrates the dependence of the Ga flux with the substrate 

temperature for a Ga-polar GaN epilayer. To conserve a certain amount of Ga on the surface, the 

Ga flux must be increased as the substrate temperature is raised. 



3.1. Epitaxial growth 

 

44 
 

  

Figure 3.12. Ga coverage regimes as a function of both the impinging Ga flux and the substrate temperature 

(taken from [158]). 

 

3.1.4 Growth of AlN (0001) 

The 2D growth of smooth c-plane AlN layers also requires metal rich conditions, as in the case 

of 2D GaN. The excess of Al on top of the epilayer can be noticed by two shadow lines in the RHEED 

pattern along the <11-20> azimuth, as shown in Figure 3.13. These extra lines in the pattern are 

the evidence of metal Al, which has a smaller lattice constant than AlN. This Al excess cannot be 

desorbed at the standard growth temperatures for GaN (TS ∼700 oC). Therefore, to eliminate the 

accumulation of Al, a growth interruption under N is required to capture the excess of Al forming 

AlN on the surface. The time to consume all the Al excess can be monitored from the RHEED 

pattern, being all the Al consumed when the shadow lines disappear. The computed time can be 

used to calculate the Al cell temperature that provides Al:N stoichiometric growth conditions 

(III/V ratio = 1). 

 

Figure 3.13. (a) RHEED image of an Al-rich AlN surface (azimuth <11-20>). (b) Intensity profile along the a-

direction of the region marked in (a). The arrows indicate the shadow streaks due to Al excess. 
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3.1.5 Growth of AlGaN (0001) 

Similar to their binary compounds, the growth of 2D AlGaN requires metal-rich conditions 

[159,160]. In the case of a ternary alloy such as AlGaN, some additional difficulties are triggered 

by the different Ga – N and Al – N binding energies, resulting in different mobility of Al and Ga 

adatoms on the growing surface. The Ga – N bond is much weaker than the Al – N bond [161], 

which results in a preferential Al incorporation in the AlGaN alloy in the presence of Ga. At the 

standard growth temperatures of AlGaN (TS ∼ 650-700 oC), the incorporation probability of Al is 

equal to 1. Figure 3.14 presents the incorporation probability of Al and Ga as a function of the 

group-III flux (the sum of Ga and Al fluxes) under constant N flux. Three regimes can be 

distinguished: (i) under N-rich conditions, the incorporation probability of Ga is constant due to 

the excess of N, but always lower than Al; (ii) in group-III rich regime, the formation of a Ga bilayer 

on the surface is observed, leading to optimum growth conditions; (iii) when the group-III flux is 

excessive, the Ga droplet accumulation regime is reached. Note that the Ga incorporation 

probability is reduced as the III/N ratio becomes larger, since the incorporation of Ga depends on 

the active nitrogen not consumed by the Al. 

 

Figure 3.14. Incorporation probabilities of Al and Ga atoms as a function of the group-III flux for AlGaN films 

grown at 750 oC. (modified from [159]). 

This feature must be taken into account when growing AlGaN. Thus, the Al/N flux ratio is fixed 

to match the required Al content, and the Ga flux is used in excess to obtain a self-surfactant effect 

that favors 2D growth. However, for contents of Al > 40%, the substrate temperature must be 

reduced to maintain a 2D growth in order to balance the diffusion between Al, Ga and N. 

3.1.6 Substrates 

In this work, we used two different kinds of substrates: sapphire-based templates and bulk 

substrates. The former were used for calibration and characterization purposes. For the 
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fabrication of laser structures, bulk substrates were chosen in order to minimize the density of 

structural defects. GaN substrates were used for samples designed to emit in the UV-A with low 

Al concentration, thus lattice parameter closer to GaN than AlN. AFM images from the GaN 

substrates used in this work are depicted in Figure 3.15. For samples emitting in the UV-C, with 

high Al molar fraction, AlN substrates were chosen. 

 

(i) Sapphire-based templates: Sapphire (Al2O3) is widely used as foreign substrate for 

GaN and AlN, in spite of their lattice mismatch (30% with GaN). However, GaN(0001) 

is grown on c- sapphire with an in-plane rotation of 30o, reducing the lattice mismatch 

to 13.9%. 

The GaN-on-sapphire templates used in this thesis were provided by LUMILOG, and 

they consist of 4-µm-thick GaN(0001) on c-sapphire deposited by MOVPE. The 

dislocation density is 108 cm-2 and the top epilayer presents a smooth surface with 

root mean square (RMS) roughness around 0.66 nm. The templates were non-

intentionally doped, and they presented n-type conduction, with carrier density 

around 1017 cm-3. 

The AlN-on-sapphire substrates used in this thesis were provided by DOWA, 

consisting of 1.0 ± 0.1 µm-thick AlN(0001) on c-sapphire deposited by MOVPE. The 

dislocation density is 109 cm-2 and the top epilayer presents a smooth surface with 

RMS roughness around 0.42 nm. 

 

(ii) Free-standing bulk substrates: GaN substrates are obtained from GaN boules grown 

by HVPE on sapphire substrates. The free-standing GaN substrates used in this work 

were provided by NANOWIN, with a dislocation density lower than 106 cm-2 and RMS 

roughness around 0.18 nm. They were n-type doped, to reach a carrier concentration 

around 5  1017 cm-3. 

In the case of AlN, the fabrication of high-quality free-standing substrates has 

progressed a lot recently in spite of being still under development [33,162]. The AlN 

substrates used in this work were provided by HEXATECH. They are obtained from 

AlN boules grown by physical vapor transport (PVT), using previously grown AlN 

seeds. They present a dislocation density of 103 cm-2 and RMS roughness around 0.1 

nm. 
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Figure 3.15. AFM images of (a) GaN-on-sapphire template and (b) GaN free-standing substrates. 

 

3.2 Characterization techniques 

This section introduces the characterization techniques used during this work. The techniques 

used for structural characterization are X-ray diffraction (XRD), scanning electron microscopy 

(SEM), transmission electron microscopy (TEM) and atomic force microscopy (AFM). For optical 

characterization, I describe here photoluminescence (PL) and cathodoluminescence (CL). During 

my PhD, I have used all these techniques by myself, except for the TEM. 

3.2.1 X-ray diffraction 

X-ray diffraction (XRD) is a versatile characterization technique which provides structural 

information about crystalline structures. In this work, it was used to determine the period of our 

superlattices, to estimate the strain state of the multilayer stack and to assess the alloy 

composition and the crystalline quality of our samples. We performed θ-2θ scans, ω-scans and 

reciprocal space maps (RSMs). For theoretical calculations we used GlobalFit2 from Rigaku Co. 

 

Figure 3.16. Image of the Rigaku Smartlab diffractometer with one of the configurations used in this work. 
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In this work, we used a Rigaku Smartlab X-ray diffractometer, depicted in Figure 3.16. It 

consists in three parts: x-ray beam generator (source), sample holder (goniometer), and x-ray 

detector. In this system, the x-ray excitation is obtained from the kα1 emission line of Cu (λXRD = 

0.154056 nm). The source consists in an evacuated tube in which electrons are emitted from a 

heated tungsten filament and accelerated by an electric potential of 40 kV to impinge on a Cu 

target. The emitted x-ray beam is collected and converted into a parallel beam by a parabolic 

mirror (<0.06° divergence). To measure high resolution XRD (HR-XRD), we used a 

monochromator consisting of 4 Ge crystals (Ge(220)4) between the source and the sample. The 

resulting beam presents a divergence of 0.0033° and a wavelength spread of ∆𝜆𝑋𝑅𝐷/𝜆𝑋𝑅𝐷 = 2.2  

10-5. For quick measurements where high resolution is not required, a 2-Ge-crystal 

monochromator (Ge(220)x2) was used. 

Since the sample surface might be tilted with respect to the crystallographic planes, we first 

need to align the desired sample plane family with the optical axis of the set-up. To do so, the 

sample is mounted on a goniometer that offers four possible angular rotation mechanism, namely 

ω, 2θ, φ and χ, described in Figure 3.17. The angle ω is the angle between the incident x-ray beam 

and the sample surface, 2θ is the angle between the incident beam and the reflected beam from 

the surface, φ is the rotation angle around the z-axis and χ is the rotation angle perpendicular to 

the z-axis. To minimize the background noise, the sample is placed on a monocrystalline Si plate. 

The detector has an aperture of 2o, which can be reduced by inserting slits to improve the 

resolution of the diffracted beam. For HR-XRD, a 0.228 collimator or a Ge(220)x2 analyzer are 

placed between the sample and the detector to improve the angular precision of the diffracted 

beam. 

 
Figure 3.17. Schematic representation of the axis and angles available in the goniometer to align the sample. 

XRD uses the constructive interference of the monochromatic x-ray diffracted by the 

crystalline structure at specific angles, following Bragg’s law: 
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2𝑑 sin𝜃 = 𝑛𝜆𝑋𝑅𝐷 (3.1) 

where n is an integer which indicates the order of reflection, λXRD is the wavelength of the x-ray, d 

is the distance between reflecting planes, and θ is the angle of incidence between the beam and 

the crystallographic plane. From this equation, we can extract the lattice parameter of a crystal, 

which corresponds to the distance d. Furthermore, the period of a MQW (PMQW) can be obtained 

from the angular separation of two satellite peaks in the θ-2θ scans: 

𝑃𝑀𝑄𝑊 =
±𝑛𝜆𝑋𝑅𝐷

2(sin𝜃±𝑛 − sin𝜃0)
 (3.2) 

where 𝜃0 and 𝜃±𝑛 are the zero-order and the ±n-order MQW satellite angle position. The 

evaluation of the stain state of the layers and the alloy composition required of reciprocal space 

maps to extract the various lattice parameters using also Bragg’s law. Finally, the crystalline 

quality of the planar structures were qualitatively deduced from the ω-scans, also called rocking 

curves. Broader rocking curves are generally attributed to poorer crystal quality. 

3.2.2 Scanning electron microscopy 

Scanning electron microscopy (SEM) is a characterization technique based in the interaction 

between a scanning electron beam and the sample surface that allows imaging at the nanometric 

scale and get morphological information. In contrast with conventional optical microscopy, a 

much higher resolution is achieved due to the shorter effective wavelength of the electrons. The 

interaction of the electron beam with the specimen results in the generation of several secondary 

particles that are characteristic from the sample, as seen in Figure 3.18, e.g. backscattered 

electrons, secondary electrons, x-ray, photons and phonons. 
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Figure 3.18. Signals resulting from the interaction between the electron beam and the specimen [163]. 

In this work, we have used a Zeiss Ultra 55 to image the nanostructures. The electron beam 

was operated between 3-8 kV. An in-lens detector was used to collect the secondary electrons 

emitted from the sample surface. The secondary electrons are generated from the impact of the 

electron beam on electrons in the valence or conduction band, that through inelastic scattering, 

they can get enough energy to become free electrons. Due to their little energy, only surface 

electrons can leave the sample and reach the detector, while inner secondary electrons are 

reabsorbed by surrounding atoms. Secondary electrons are very sensitive to the topography, 

providing information on the sample surface morphology. 

3.2.3 Transmission electron microscopy 

In transmission electron microscopy (TEM), the image is the result of electrons traversing the 

sample, which must be thin enough to allow high yield electron transmission. In this work, thin 

lamellas were extracted from samples with a Ga+ ion beam in a focused ion beam (FIB) SEM Zeiss 

Crossbeam 550, using the usual lift-out technique [164]. The voltage was progressively decreased 

from 30 kV to 2 kV in order to reduce beam damage and to obtain a sample thickness of about 70 

nm. The specimens were prepare by Florian Castioni (CEA-LETI) or Vincent Grenier (CEA-IRIG-

PHELIQS). 

The TEM analysis was performed on a probe-corrected FEI Titan Themis microscope operated 

at 200 kV by Florian Castioni (CEA-LETI) or Catherine Bougerol (Institut Néel-CNRS). They used 

mainly two techniques: 
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- High-resolution TEM (HR-TEM): A parallel electron beam is formed and the transmitted 

beam is collected and imaged on the camera. Generally, heavier atoms and thicker regions 

appear darker due to the electron loss. With this technique, the resolution can reach atomic 

scale and we can address the morphology and defect contrast of the sample. However, no 

direct interpretation of the images can be done in terms of chemical composition because 

of the influence of the sample thickness, defocus and diffraction contrast. 

- High angle annular dark field scanning TEM (STEM-HAADF): A focused electron beam is 

scanned over the sample. The electrons scattered over relatively large angles are collected 

on an annular detector. In this technique, the contrast in the image is directly related to the 

chemical nature of the atoms (proportional to their atomic mass). The influence of 

diffraction contrast is drastically reduced and high-resolution imaging at atomic scale is 

achievable. A qualitative interpretation is directly possible from the image. 

3.2.4 Atomic force microscopy 

Atomic force microscopy (AFM) is a type of scanning probe microscopy (SPM) characterization 

technique, where a physical probe is used to scan the sample surface. The AFM instrument allows 

to perform force measurements (i.e. Young modulus or stiffness), topographic imaging, current 

mapping or nano-manipulation. In this work, we have used a Veeco Dimension 3100 AFM system 

to examine the surface morphology of the samples. 

The schematic of the AFM set-up is described in Figure 3.19. The silicon probe tip is integrated 

into a cantilever that is sensitive to the forces between the sample and the tip. This tip, usually 

made of Si or Si3N4, has a couple of microns length and less than 10 nm diameter. The force applied 

by the cantilever on the sample is kept constant thanks to a feedback system, which can change 

the location of the tip through a piezoelectric. Therefore, the movement of the tip follows the 

surface morphology. The movement of the cantilever changes the trajectory of the laser reflected 

on it. Thus, the variation of the laser spot on the photodetector can be used to trace the sample 

topography.  
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Figure 3.19. Schematic of the AFM system (modified from [165]). 

As shown in Figure 3.20, there are three different modes to operate the AFM: contact mode, 

non-contact mode and tapping mode. The interacting force between the tip and the sample 

depends directly on the distance between them [166]. All the AFM measurements in this PhD have 

been made by tapping mode. 

- Contact mode: The tip is brought very close to the sample surface, keeping the repulsive 

force constant. As a consequence, the measurement is done with huge frictional and 

adhesive forces that can damage the sample and result in a distorted image. 

- Non-contact mode: The tip is kept a few hundreds of angstroms away from the sample 

surface and is made to oscillate at large amplitude and near the resonant frequency. The 

changes in the amplitude of oscillation due to attractive Van der Waals force gives 

information about the topography of the sample. However, it provides low resolution and 

the image can be hampered by natural oscillations. 

- Tapping mode: This mode combines the advantages of the previous two. The tip is made to 

oscillate near the resonant frequency closer to the sample. It avoids surface damage issues 

and provides better resolution. 

 

Figure 3.20. Variation of the force with the tip-sample distance in the different AFM operation modes. 
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In this work, AFM experiments were performed in the tapping mode, using TESPA-V2 tips from 

Bruker. The tip specifications are described in Figure 3.21. 

  

Figure 3.21. SEM images and specifications of the AFM tips used during this work. 

 

3.2.5 Photoluminescence 

Photoluminescence (PL) is the phenomena that describes the light emission from a material 

when excited with light. PL spectroscopy is a characterization technique that provides 

information about the optical and electronic properties and the material quality of the sample by 

analyzing its characteristic emitted light under optical excitation. The working principle is based 

on the radiative recombination of electron-hole pairs generated from the absorption of incident 

photons. Figure 3.22 describes different processes that can take place [167]. First, the sample is 

excited with an incident photon whose energy must be larger than the material band gap in order 

to promote an electron from the valence band to the conduction band, creating an electron-hole 

pair (process (a)). Since the energy absorbed is larger than the band gap, the electron is pumped 

to an excited energy state, from which it will relax to the lower energy state of the conduction 

band by releasing energy in the form of phonons i.e. vibration modes of the crystal (process (b)). 

In general, this relaxation process is much faster than the radiative rates. From here, there are 

several recombination paths depending on the nature of the semiconductor material and the 
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presence of impurities. The simplest radiative recombination is the band-to-band transition 

between a free electron from the conduction band and a free hole from the valence band (process 

(c)). In this case, the energy of the photon emitted is equivalent to the band gap energy. However, 

donor and acceptor states can appear within the band gap due to either unintentional lattice 

defects/impurities or intentionally generation by doping. These intermediate states give rise to 

new recombination paths like donor-bound electron to free hole (process (d)), free electron to 

acceptor-bound hole (process (e)) and donor-bound electron to acceptor-bound hole, also known 

as donor-acceptor pair recombination (process (f)). Note that in these cases, the energy of the 

emitted photon does not correspond to the band gap, and the difference in energy is compensated 

by non-radiative relaxation. Each emission is specific from its recombination path and it carries a 

characteristic energy. Therefore, PL always probes the lower energy states, not necessarily the 

band-to-band transition.  

 

Figure 3.22. Processes involved in photoluminescence of semiconductors: (a) photon absorption to generate 

an electron-hole pair, (b) non-radiative relaxation to the band edge, (c) band-to-band radiative recombination, 

(d) donor electron to free hole radiative recombination, (e) free electron to acceptor hole radiative 

recombination, (f) donor electron to acceptor hole radiative recombination. 

In the case of III-N materials, the photoluminescence is generally excitonic. An exciton is an 

electron-hole pair which are bounded by Coulomb attraction. In this way, the electron and the 

hole move in the crystal as a single entity [168], in contrast with an ordinary electron-hole pair, 

which are unbound and each particle can move independently. Due to the electrostatic attraction, 

the recombination energy of a free exciton is slightly lower than the recombination energy of an 

unbound electron-hole pair:  

𝐸𝐹𝑋 = 𝐸𝑔 − 𝐸𝑏 (3.3) 

where Eg is the band gap energy and Eb is the binding energy, which can be calculated from the 

hydrogen atom model with the following expression: 
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𝐸𝑏 =
𝑒4𝜇

2ℎ𝜀2
1

𝑛2
 (3.4) 

where µ is the reduced mass of the electron-hole system, h is the Planck’s constant, ε is the 

dielectric constant from the material, e is the electron charge and n is the quantic number of the 

energy level. In the case of GaN, the exciton binding energy results in 25 meV [169,170]. This 

energy value is similar to the thermic energy (kT) at room temperature ( 26 meV), reason why 

excitons are extremely stable in nitrides even at room temperature, being excitonic recombination 

the dominant process in these materials. Bound excitons are those who are attached to an 

acceptor or a donor, which introduces an additional energy shift. 

In this thesis, photoluminescence spectroscopy has been used to address various properties of 

our samples. Figure 3.23 describes the two main set-ups that were built during this work. In both 

set-ups, the PL emission was collected with a Jobin-Yvon HR460 monochromator and a liquid 

nitrogen cooled UV enhanced charge-coupled device (CCD). 

- Set up A: This set-up was used to characterize the PL emitted perpendicular from the 

sample surface. The light source was either a pulsed Nd:YAG laser (λ = 266 nm, repetition 

rate = 8 kHz, pulse width = 0.5 ns) or a continuous wave frequency-doubled solid-state 

laser (λ = 244 nm). The beam was focused on a spot of 100 µm. The optical power of the 

beam impinging on the sample was tuned with a variable optical filter, and monitored with 

a retractable power meter located in front of the sample holder. The sample was glued on 

a He cold-finger cryostat that could be moved precisely along three axes to examine any 

point of the sample surface.  

- Set up B: This set-up was used to measure lasing thresholds, by pumping normal to the 

sample surface and collecting the emission from the edge, parallel to the surface. The light 

source was the Nd:YAG laser from set up A (λ = 266 nm, repetition rate = 8 kHz, pulse width 

= 0.5 ns), which was focused with a cylindrical lens to obtain a stripe with a width of 

 100 µm. The stripe beam shape was characterized in length and width, presenting a 

Gaussian pattern as illustrated in Figure 3.24. In order to perform an homogeneous 

excitation, the sample was centered at the maximum of the Gaussian. The sample was glued 

on a sample holder that could be moved along three axes with micro positioners. For 

temperature dependent measurements, the sample holder was inserted into a He cold-

finger cryostat. The optical power of the beam was tuned with a variable optical filter and 

monitored with a retractable power meter located in front of the sample holder. 
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Figure 3.23. Schematics of the PL set-ups used in this work. Set-up A was designed to measure PL emission 

perpendicular to the sample surface. Set-up B was used to measure photoluminescence or lasing emission from 

the sample edge. The inset in Set-up B shows the side view of the set-up, to describe the stripe-shaped beam 

focusing. 
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Figure 3.24. (a) Length and (b) width of the stripe-shaped beam. Black squared dots are experimental data 

and the red curve is a Gaussian fit. 

3.2.6 Cathodoluminescence 

Cathodoluminescence (CL) is the phenomena that describes the light emission from a material 

when excited with an electron beam source. CL spectroscopy is a characterization technique that 

provides information about the optical properties and the material quality of the sample by 

analyzing its characteristic emitted light under electron beam excitation. The working principle is 

based on the radiative recombination of electron-hole pairs generated by impact ionization, as 

explained in detail in section 2.3.1. 

The CL set-up used in this work consists in a SEM (model FEI Quanta 200) coupled to an optical 

spectrometer, so that it is possible to image the sample while exciting with the same electron 

beam. A parabolic mirror is placed between the sample and the electron beam tube, as described 

in Figure 3.25. The mirror has a tiny hole to let the electron beam pass through. The sample is 

placed at the focal point of the mirror by micro positioners with 3 nm resolution. The mirror 

reflects the emission from the sample in a parallel beam that is focused onto a Jobin Yvon HR460 

monochromator, which projects the photons to a CCD detector. In our measurements, we scan an 

area of 2x2 µm2 for different acceleration voltages ranging from 5 to 20 kV, at an injection current 

approximately constant (I ≈ 100 pA). 

 

Figure 3.25. Schematic of the CL set-up used in this work. 
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3.3 Simulations 

During this work, the design of laser cavities and the interpretation of the experimental results 

were supported by simulations. I have performed simulations on NextNano3, COMSOL and 

CASINO to address different aspects of the laser heterostructures. In this section, I discuss briefly 

the application of these simulation tools. 

3.3.1 Nextnano 

Table 3.1. Input parameters used for nextnano3 simulations. 

Parameters (units) Symbol GaN AlN 

Lattice constant (Å) 
a 3.189 [56] 3.112 [56] 

c 5.185 [56] 4.982 [56] 

Spontaneous polarization (C/m2) PSP -0.029 [171] -0.081 [171] 

Piezoelectric constant (C/m2) 

e31 -0.49 [68] -0.60 [68] 

e33 0.73 [68] 1.46 [68] 

e15 -0.30 [172] -0.48 [172] 

Elastic constant (GPa) 

c11 390 [173] 396 [56] 

c12 145 [173] 137 [56] 

c13 106 [173] 108 [56] 

c33 398 [173] 373 [56] 

Band gap at 0 K (eV) Eg 3.51 [56] 6.23 [56] 

Electron effective mass 𝑚𝑒
∗  0.20 [56] 0.32 [56] 

Heavy hole effective mass 
𝑚ℎℎ⊥
∗  1.60 [78] 10.42 [174] 

𝑚ℎℎ∥
∗  1.10 [78] 3.53 [174] 

Light hole effective mass 
𝑚𝑙ℎ⊥
∗  0.15 [78]  0.24 [174] 

𝑚𝑙ℎ∥
∗  1.10 [78]  3.53 [174] 

Crystal field hole effective mass 
𝑚𝑐ℎ⊥
∗  1.10 [78]  3.81 [174] 

𝑚𝑐ℎ∥
∗  0.15 [78] 0.25 [174] 

Dielectric constant ε 10 [171] 8.5 [171] 

Deformation potential 

ac1 -4.6 [175] -4.5 [176] 

ac2 -4.6  [175] -4.5 [176] 

D1 -1.7  [175] -2.89  [175] 

D2 6.3  [175] 4.89  [175] 

D3 8.0  [175] 7.78  [175] 

D4 -4.0  [175] -3.89  [175] 

D5 -4.0  [175] -3.34  [175] 

D6 -5.66  [175] -3.95  [175] 

Luttinger parameters 

A1 -5.947 [177] -3.86 [56] 

A2 -0.528 [177] -0.25 [56] 

A3 5.414 [177] 3.58 [56] 

A4 -2.512 [177] -1.32 [56] 

A5 -2.510 [177] -1.47 [56] 

A6 -3.202 [177] -1.64 [56] 
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NextNano3 is a commercial software for the simulation of electronic and optoelectronic 

properties of semiconductor nanodevices created by Nextnano GmbH, a start-up from the 

Technical University of Munich. In practice, it is a self-consistent Schrödinger-Poisson equation 

solver written in Fortran or C++. In this work, we used a model based on the 8-band k·p 

perturbation theory for calculating the quantum levels for electrons and holes. We also used the 

simulations to study the electronic band structure of the multilayered heterostructures. A detailed 

explanation of the models can be found in ref. [178]. For simplicity, the nanostructure was 

simulated in 1D (growth direction) due to the symmetry in the other two directions. Note that 

Coulomb interactions are not taken into account. 

The material parameters given in the software can be modified by the user. The input 

parameters for GaN and AlN in this work were taken from Kandaswamy et al. [157] and are 

summarized in Table 3.1.  

 

3.3.2 COMSOL 

COMSOL Multiphysics is a commercial finite-element analysis software that allows creating 

physics-based models and solving them mathematically. In this work, it was used to study the 

optical confinement in the laser waveguide. The sample geometries were reconstructed along the 

growth direction in a 2D representation. The structure was sandwiched between a 2-µm-thick 

substrate and a 300-nm-thick layer of air. As boundary conditions, the active area was defined as 

a perfect electric conductor, the electric field was defined as zero at the top and bottom edge of 

the air and substrate layers, respectively, and periodic conditions were applied at the lateral edges 

of the geometry due to the in-plane symmetry of the 2D layers. The model space is discretized in 

finite elements with a user-defined mesh, with element size between 0.5 and 1 nm. 

 The simulation solves the three components of the electric field vector from the Maxwell 

equations assuming that the field varies sinusoidally in time at a known angular frequency 𝜔 =

2𝜋𝑓, being f the frequency of the light emitted by the QW. With these assumptions, the equation 

to be solved is the following 

 ∇ × (𝜇𝑟
−1∇ × �⃗� ) −

𝜔2

𝑐0
2
(𝜀𝑟 −

𝑖𝜎

𝜔𝜀0
) �⃗� = 0 (3.5) 

where �⃗�  is the electric field vector, 𝜇𝑟 is the relative permeability, 𝜀𝑟 is the relative permittivity, 𝜎 

is the electrical conductivity, 𝑐0 is the speed of light in vacuum and 𝜀0 is the vacuum permittivity. 

Considering 𝜎 = 0 and 𝜇𝑟 = 1, equation (3.5) simplifies to 
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 ∇ × (∇ × �⃗� ) − 𝑘0
2𝜀𝑟�⃗� = 0 (3.6) 

with 𝑘0 =
𝜔

𝑐0
 being the wavenumber. The relative permittivity can be calculated from the real and 

imaginary components of the refractive indices for each material as 𝜀𝑟 = (𝑛 − 𝑖𝑘)
2. The values of 

refractive indices were extracted from [179,180]. 

3.3.3 CASINO 

CASINO is a software designed to perform quantum Monte Carlo simulations on the energy, 

distribution and trajectory of electrons impinging a material. In this work, it was used to calculate 

the penetration depth and energy distribution of the electron beam cannon into the laser samples. 

Layers of the stack are defined in thickness, density and composition. For this work, the density 

values taken were 6.15 g/cm3 for GaN and 3.26 g/cm3 for AlN [181]. The density of their ternary 

alloys were obtained from linear interpolation. The conditions of the electron beam can be tuned 

in terms of radius, acceleration voltage and number of electrons impinging. Further details on this 

software can be found in references [182–185]. 

 

3.4 Clean-room fabrication 

During this PhD, the fabrication of defined laser nano-cavities was performed in the PTA 

cleanroom of CEA by a series of microfabrication techniques, which are briefly discussed in this 

section, namely optical lithography, metal deposition and inductively-coupled-plasma reactive 

ion etching (ICP-RIE).  

3.4.1 Optical lithography 

Lithography is a fabrication process that consist in projecting an image into a photosensitive 

emulsion, called photoresist, coated onto a substrate by using photons. In this work, it was used 

to define specific cavity patterns in the heterostructures. The equipment used was a SUSS 

MicroTech MJB4 mask aligner, which incorporates a UV lamp (365 nm filtered at 6 mW/cm2) and 

allows aligning the sample and the mask with a resolution of 2 µm in soft contact mode. The 

samples were covered with the selected photoresist by spin-coating, to be later exposed to UV 

light that will change the polymer chemical structure, thus its chemical properties. A predefined 

patterned mask was used to block the light in certain regions of the photoresist, so that only 

unmasked regions were exposed to light. Finally, the sacrificial parts were lifted off with a 
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developer solvent. There are two types of photoresist according to their behavior when exposed 

to light, as depicted in Figure 3.26, namely positive photoresist and negative photoresist.  

- Positive photoresist: The material that is exposed to light becomes soluble to the photoresist 

developer.  

- Negative photoresist: The material that is exposed to light becomes insoluble to the 

photoresist developer.  

In this work, we used a reversible photoresist (AZ5214E), which can be used either as positive 

or negative photoresist, according to the chosen preparation process. 

 

Figure 3.26. Schematic diagram showing the two types of photoresist used in optical lithography. 

3.4.2 Deposition of metals and dielectrics 

In some microfabrication processes, it is necessary to deposit thin layers of metal with a precise 

thickness, for instance, for implementing contacts in electronic devices. In this thesis, we 

deposited thin layers of metal (i.e. Ti, Au, Ni) that work as a markers and hard mask for following 

etching processes. For this purpose, a metal evaporator MEB550 from Plassys was used. In this 

technique, a high-power electron gun (10 kW) evaporates metal atoms from bulk material under  

high vacuum conditions ( 10-6 Torr) that are deposited on the chosen substrate. We are able to 

measure the in-situ thickness of the deposited film using a quartz microbalance, which provides 

a mass variation per unit area by measuring the change in frequency of a quartz crystal resonator. 

In addition, the deposition of thin films of SiO2 was also required during the course of this work. 

In this case, the deposition was performed by plasma enhanced chemical vapor deposition 

(PECVD) technique in a Corial D250L. The film of SiO2 is obtained from fluxes of SiH4, N2O and Ar, 

at a deposition temperature of 280 oC. The depositions of SiO2 thin layers during this work were 

performed by Delphine Constantin. 
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3.4.3 Reactive ion etching 

Etching consist in removing layers from a wafer. Thanks to the masking process, some areas of 

the sample can be defined and protected during the etching, leading to the formation of a 

patterned nanostructure. There exist two types of etching processes: dry etching and wet etching.  

- Dry etching: It consists in removing material by exposing it to a bombardment of ions, 

usually a plasma of reactive atoms. The reaction that takes place can be due to high kinetic 

energy of particle beams (physical dry etching), chemical reaction (chemical dry etching) 

or a combination of both. 

- Wet etching: It consists in removing material by dipping it in liquid chemicals or etchants. 

In general, a wet etching process involves multiple chemical reactions. 

ICP-RIE is a dry etching technique involving plasma that combines both physical and chemical 

mechanisms. In a RIE process, cations are produced from reactive gases, which are accelerated 

with high energy and chemically react with the material. An ICP system generates the plasma by 

induction with radio frequency (RF) excitation, controlled by two parameters: ICP power and RF 

power. The final thickness of the etched structures were measured by profilometry. Figure 3.27 

presents a schematic of the ICP-RIE chamber. In this work, etching techniques have been used to 

fabricate microcavities in our samples. Specifically, an Oxford Plasmalab100 ICP etcher was used 

for dry etching processes. 

 
Figure 3.27. Schematic of the ICP-RIE chamber. 
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Chapter 4  
AlGaN/GaN heterostructures for electron 
beam pumped UV-A lasers 
 

This chapter describes the design and growth conditions of four AlGaN/GaN heterostructures (two separate 

confinement heterostructures and two graded-index separate confinement heterostructures), proposed to 

obtain laser emission around 360 nm. Characterization through x-ray diffraction (XRD) and transmission 

electron microscopy (TEM) is presented to validate their structure and crystalline quality. The spontaneous 

emission is analyzed by cathodoluminescence and photoluminescence, including an exhaustive study on the 

internal quantum efficiency. Finally, an assessment of the net optical gain is presented.  

COMSOL simulations were performed by me, with the support of Yoann Curé and Gilles Nogues. TEM 

measurements were performed by Florian Castioni or Catherine Bougerol, in specimens prepared by Florian 

Castioni and Vincent Grenier, respectively. XRD measurements were also performed by me with the training 

and support from Edith Bellet-Amalric. I was also in charge of the epitaxial growth and nextnano 

simulations, under the supervision of Eva Monroy. On the cathodoluminescence and photoluminescence 

measurements, I had the support from Fabrice Donatini and Lou Denaix, respectively. The gain 

measurements were performed by Quang Mihn Thai (Univ. Claude Bernard Lyon 1). 

Some of the results presented in this chapter have been published in:  

(1) “AlGaN/GaN asymmetric graded-index separate confinement heterostructures designed for electron-

beam pumped UV lasers”, S. Cuesta et al. Opt. Express 29, 13084-13093 (2021) [186] 

(2) “Development of AlGaN/GaN heterostructures for e-beam pumped UV lasers”, S. Cuesta Arcos et al. 

Proc. SPIE 11686, Gallium Nitride Materials and Devices XVI, 116860S (2021) [187] 

(3) “Decorrelation of internal quantum efficiency and lasing threshold in AlGaN-based separate 

confinement heterostructures for UV emission”, S. Cuesta et al. Appl. Phys. Lett. 119, 151103 (2021) 

[188]  

(4) “Optical net gain measurement on Al0.07Ga0.93N/GaN multi-quantum wells”, Q. M. Thai, S. Cuesta et al. 

Opt. Express 30(14), 25219-25233 (2022) [189] 

 

4.1 Design of the AlGaN/GaN heterostructures 

To obtain high-performance semiconductor lasers, it is critical to understand the optical and 

electrical properties of the material, which must be taken into consideration for the device design. 

In this section, I present the main AlGaN/GaN architectures that were considered in this work for 

the fabrication of electron beam pumped UV-A lasers.  

4.1.1 Separate confinement heterostructures  

Figure 4.1 presents the general sample structure considered in this work, based in a separate 

confinement heterostructure (SCH). The active region consist of a number of GaN QWs (multi-
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quantum well, MQW) embed in AlGaN. For the samples described in this chapter, the active region 

consists of 10 QWs, unless indicated. The number of QWs was chosen in order to obtain high 

output power and take the maximum profit from the electron injection. The active region is 

located within two AlGaN cladding layers acting as a waveguide. In the figure, the layers have been 

labelled, starting from the GaN substrate and following the growth direction, as bottom outer 

cladding layer (BOC), bottom inner cladding layer (BIC), multi quantum well (MQW), top inner 

cladding layer (TIC) and top outer cladding layer (TOC).   

 

Figure 4.1. General scheme of a separate confinement heterostructure containing a MQW. 

Table 4.1 describes two SCH designs developed in this work, to operate under electron beam 

pumping with an acceleration voltage of 10 kV and to emit around λ = 360 nm (labelled SCH-D1) 

and at λ = 350 nm (labelled SCH-D2), respectively. 

Table 4.1. Description of the designs under study in terms of thickness and Al content on the layers, following 

the general design in Figure 4.1. 

 SCH-D1 SCH-D2 

TOC 50 nm Al0.15Ga0.85N 50 nm Al0.2Ga0.8N 

TIC 67 nm Al0.07Ga0.93N 67 nm Al0.1Ga0.9N 

MQW 
10(3 nm GaN/12 nm 

Al0.07Ga0.93N) 
10(1.5 nm GaN/11 nm 

Al0.1Ga0.9N) 

BIC 40 nm Al0.07Ga0.93N 40 nm Al0.1Ga0.9N 

BOC 400 nm Al0.15Ga0.85N 400 nm Al0.2Ga0.8N 

Targeted 
wavelength 

360 nm 350 nm 

 

The design of the structures was carried out taking into account both optical and electrical 

considerations. In particular, three main requirements must be addressed when defining the 

multilayer ensemble: 
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(i) Waveguide design: The bottom cladding layer must be thick enough to prevent 

waveguide losses through the absorbing GaN substrate. The Al concentration in the 

cladding layers defines the inner reflection, thus, the optical confinement factor. 

(ii) Penetration depth: The penetration depth of the electron beam in the structure 

imposes a limit to the thickness of the upper layers. 

(iii) Emission wavelength: The MQW must emit at the targeted wavelength, defining the 

QW thickness and Al concentration in the barriers. 

The above-mentioned conditions must be fulfilled at the same time. When addressing these 

requirements, we must keep in mind also the limitations imposed by the difference in lattice 

mismatch between layers, which sets a maximum to the layer thickness and alloy compositions.  

(i) Waveguide design 

Compared to lamps or LEDs, lasers demand an extra degree of complexity in their structures, 

because of the need to confine light in a cavity. In this work, we use a ridge waveguide, which is 

induced thanks to the difference in refractive indices between cladding layers. Note that, following 

Fresnel equations [190], to enhance the confinement of the light generated in the active region, 

the refractive index of the outer layer must be lower than the refractive index of the inner layer. 

In other words, due to AlN presenting lower refractive index than GaN [179,180], the molar 

fraction of Al in the AlGaN outer layers must be higher than the molar fraction in the inner layers. 

However, when designing the structure, the difference between Al concentrations should be 

minimized in order to decrease the lattice mismatch during the epitaxial growth.  

 

Figure 4.2. Absorption spectrum of GaN (modified from [191]). 

The design tries to maximize the overlap of the fundamental optical mode with the active 

region. In addition, the waveguide must prevent that the optical mode leaks towards areas of the 

sample where absorption is dominant. For instance, the bulk GaN substrate behaves as absorbing 

media at the targeted wavelengths (see Figure 4.2). Therefore, a thick bottom cladding layer is 

desirable to prevent that the optical mode spreads towards the GaN substrate. However, a thick 

bottom cladding can lead to severe cracking of the epilayer, due to tensile stress. We have found 
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that a BOC layer with a thickness of 400 nm provides enough insulation from the substrate, as 

illustrated by theoretical calculations in Figure 4.3(a) for SCH-D1 and Figure 4.3(b) for SCH-D2. 

The optical confinement factor (OCF) for each design, i.e. the overlap between the optical mode 

and the 10 GaN QWs, is 7% and 4.1% for SCH-D1 and SCH-D2, respectively. Note that the thickness 

of the QWs in SCH-D2 is half that of the QWs in SCH-D1, which explains the lower OCF for the 

second design. These values represent an improvement with respect to the ≈ 6% reported by 

Hayashi et al. [51] for a QW thickness equivalent to SCH-D1. 

 
Figure 4.3. Simulation of the first optical mode distribution through the (a) SCH-D1 and (b) SCH-D2. 

 

(ii) Electron penetration 

As a reminder from section 2.3.3, the acceleration voltage is directly related to the penetration 

length of the electrons. The choice of operation voltages seeks reducing the spread of the profile 

of generated electron-hole pairs in the material, to maximize the amount of carriers that are 

collected and recombine radiatively in the active region. This should facilitate attaining the 

condition of population inversion. In view of the targeted wavelength (λ  360 nm), the optimum 

thickness of the core of the waveguide will be around 𝜆/𝑛, where n is the refractive index of the 

layers. Keeping in mind the refractive index of GaN in the near-UV is around 2.4, the core will have 

a thickness around 150 nm. Therefore, looking back at Figure 2.15, we have made a choice of 

targeting operation at 7-10 kV. The thickness of the top cladding layers must be adapted to the 

acceleration voltage, so that the active region is located at the optimum depth to maximize the 

charge transfer.  
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Figure 4.4. Simulation of the electron beam trajectory through the (a) SCH-D1 and the (b) SCH-D2 at different 

acceleration voltages. The right panel shows the electron energy loss profile for various acceleration voltages.  

Figure 4.4 shows CASINO simulations of the electron beam penetration into SCH-D1 and SCH-

D2 at acceleration voltages between 5 and 15 kV. The calculation shows that the MQW is placed 

so that the overlap with the electron beam is maximized at 10 kV, so that, at this acceleration 

voltage, most of the generation is contained within the inner claddings. In comparison, the 

bombardment at 5 kV is not enough to reach the MQW, whereas the injection at 15 kV mostly 

spreads into the BOC layer, reaching even the GaN substrate. For further evidence, the overlap 

between the generation profile and the MQW region as a function of the acceleration voltage is 

presented in Figure 4.5(a). 

Keeping the acceleration voltage at 10 kV, we have studied the variation of the overlap of the 

optical mode with the MQW region as a function of the total top cladding thickness (i.e. the 

thickness of the TIC+TOC, whose thicknesses were modified proportionally when varying the total 

top cladding thickness), with the results summarized in Figure 4.5(b). For thicker top layers, the 

MQW is located deeper into the structure and the percentage of electrons that can reach it 

decreases. On the contrary, shortening the top layers thickness down to a total of 50 nm can 

slightly increase the overlap. However, such a change has detrimental consequences for the 

optical confinement. Therefore, we decided that the values stated in Table 4.1 represent a good 

compromise between all previously stablished conditions. 
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Figure 4.5. (a) Overlap between the MQW and the electron energy loss profile at different acceleration 

voltages. (b) Overlap between the MQW and the electron energy loss profile at 10 kV for different top cladding 

layers thickness (i.e. TOC+TIC total thickness, with each layer thickness varying proportionally). Arrows mark 

the total top cladding thickness chosen in our designs. 

 

(iii) Emission wavelength tunability 

The emission wavelength can be shortened by reducing the width of the QW, due to the higher 

confinement and reduced quantum confined Stark effect. Figure 4.6(a) and (b) presents simulated 

band diagrams for SCH-D1 and SCH-D2, respectively, indicating the first quantum confined states 

for electrons and holes with blue and red dashed lines, respectively. From the simulation, which 

considers a lattice temperature of 300 K, the band gap of the GaN in the QWs is Eg = 3.45 eV in 

both samples. However, the transition energy is larger than that in both cases.  

 
Figure 4.6. Simulated band diagram for (a) SCH-D1 and (b) SCH-D2. Dashed lines represent the first quantum 

confined levels for electrons (blue) and holes (red). 
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4.1.2 Graded-index separate confinement heterostructures  

In order to promote the carrier diffusion from claddings towards the MQW, we modified the 

original SCH-D2 design to implement a graded-index separate confinement heterostructure 

(GRINSCH). With this concept, the interfaces between inner and outer AlGaN cladding layers 

become compositionally graded. Consequently, the diffusion of electrons is promoted while the 

waveguiding properties of the structure are preserved [192,193]. GRINSCH designs are generally 

not used in III-nitride laser diodes since they introduce a perturbation of the doping distribution 

due to the variation of polarization in the graded layers [194,195]. Increasing the Al mole fraction 

along the [0001] direction results in n-type doping, whereas decreasing the Al mole fraction along 

the [0001] leads to p-type doping. If we keep in mind the requirement of higher refractive index 

in the core of the waveguide, GRINSCH structures are only compatible with the n-layer on top 

designs, or with structures grown along the N-polar direction. In spite of this limitation, some 

recent reports are trying to implement an inverted graded layer to obtain p-type conductivity 

without impurity doping, at the cost of requiring a much more complex waveguide to compensate 

the additional modal losses [39,40]. However, these restrictions are not relevant in an electron 

beam pumped device, so that the advantages of the graded index layers can be fully exploited. 

The two designs that incorporate graded layers are described in Figure 4.7 and Table 4.2. The 

first design, labelled “GRINSCH”, is a modification of SCH-D2 where the interfaces between inner 

and outer cladding layers are graded along 40 nm. With respect to SCH-D2, the GRINSCH structure 

preserves the location of the active region along the growth axis and the waveguide properties. 

The second design, labelled “a-GRINSCH”, is an asymmetric version of GRINSCH, where the top 

graded layer extends to the edge of the MQW, and the Al molar fraction of the TOC layer is 

increased to 30%. 

 

 
Figure 4.7. Schematic view of the (a) GRINSCH and (b) a-GRINSCH designs. 
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Table 4.2. Description of the graded designs in terms of thickness and Al content on the layers, following the 

general design in Figure 4.7. 

 GRINSCH a-GRINSCH 

TOC 30 nm Al0.2Ga0.8N 50 nm Al0.3Ga0.7N 

Graded 40 nm 55 nm 

TIC 47 nm Al0.1Ga0.9N - 

MQW 
10(1.5 nm GaN/11 nm 

Al0.1Ga0.9N) 
10(1.5 nm GaN/11 nm 

Al0.1Ga0.9N) 

BIC 20 nm Al0.1Ga0.9N 20 nm Al0.1Ga0.9N 

Graded 40 nm 40 nm 

BOC 380 nm Al0.2Ga0.8N 380 nm Al0.2Ga0.8N 

 

Figure 4.8 shows the Al concentration profile along the growth direction and the simulated 

band diagram for the SCH-D2, GRINSCH and a-GRISNCH designs. In the case of SCH-D2, depicted 

in Figure 4.8(a), the difference in spontaneous and piezoelectric polarization between the 

waveguide core and the outer cladding results in a strong band bending that favors electron 

accumulation at the TIC/TOC interface and hole accumulation at the BOC/BIC interface (red 

arrows in the figure). The perturbation of the bands hinders the carrier transfer to the MQW. This 

problem is corrected in the GRINSCH design, where the graded interfaces inserted between inner 

and outer cladding layers result in a band diagram with smooth energy transitions at the 

heterointerfaces (see Figure 4.8(b)). To further reduce the carrier recombination rate in the top 

cladding layers, we consider the a-GRINSCH design with band diagram depicted in Figure 4.8(c). 

The purpose of this design is to force carriers generated in the top layers to diffuse towards the 

active region (see dashed red circle in the figure). 

 
Figure 4.8. Aluminium concentration along the growth direction and simulated conduction and valence band 

profile (CB and VB, respectively) for (a) SCH-D2, (b) GRINSCH and (c) a-GRINSCH. Red marks aid to identify 

the main differences in the band profiles. 

All the modifications introduced in the graded designs are intended to improve the carrier 

collection with respect to SCH-D2, while preserving the assets of the original design discussed in 

section 4.1.1: waveguiding capabilities, optimum operation at around 10 kV and targeted emission 
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wavelength at 350 nm. We have also performed calculations of the OCF and electron penetration 

depth for the GRINSCH and a-GRINSCH designs, with the results summarized in Figure 4.9. The 

results are very similar to those obtained for SCH-D2, presenting an OCF of 3.7% and 3.8% for the 

GRINSCH and a-GRINSCH, respectively. The maximum overlap between the active region and the 

electron beam occurs around 10 kV.  

 

Figure 4.9. Simulation of the first optical mode distribution and the electron beam penetration in the (a) 

GRINSCH and (b) a-GRINSCH designs. 

 

4.2 Synthesis of the AlGaN/GaN heterostructures 

In this section, I describe the synthesis of the AlGaN/GaN heterostructures based on the SCH-

D1, SCH-D2, GRISNCH and a-GRINSCH designs. Then, I present the results of their structural 

characterization, focusing on four samples summarized in Table 4.3. These samples were chosen 

as the most representative examples for each design. 
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Table 4.3. Summary of the samples under study and their corresponding design. 

Sample Design 

E3980 SCH-D1 

E3997 SCH-D2 

E4025 GRINSCH 

E4044 a-GRINSCH 

 

4.2.1 Growth conditions   

The heterostructures were synthesized on free-standing, non-intentionally doped, n-type 

conductive GaN(0001) substrates. Rectangular pieces of  1 cm  2 cm were obtained from the 

original wafer by mechanical cleaving with a diamond tip. The substrate was degreased in organic 

solvents (dichloromethane, acetone and methanol), mounted on a mollyblock with molten indium, 

and introduced in the PAMBE chamber described in section 3.1.1. 

The epitaxial structures were grown at a substrate temperature TS = 720 °C, and the growth 

rate was 0.5 ML/s. The relatively low growth rate allowed a precise control of the growth process. 

As stated in section 3.1.3, slightly Ga-rich conditions are required to obtain smooth GaN layers. 

Therefore, before each growth, I calibrated the Ga flux required to attain the Ga bilayer regime by 

measuring the changes in the RHEED intensity due to the Ga desorption during an interruption of 

the growth of GaN. The growth of planar AlGaN also requires metal-rich conditions, as stated in 

section 3.1.5. For low Al concentrations, this can be achieved by fixing the Al/N flux ratio at the 

required Al content and providing a metal exceed with Ga. The Al flux required for each Al content 

was calibrated beforehand via RHEED oscillations during the growth of AlN. The Ga flux was kept 

constant at the value required to grow GaN in the Ga bilayer regime. To maintain the III/N ratio 

constant, the growth was monitored in real time by RHEED. For the graded layers, the Al flux was 

increased/decreased linearly along the length of the layer. 

4.2.2 Structural characterization 

The structural quality of the samples was validated using XRD and STEM. Figure 4.10(a) shows 

the HRXRD θ-2θ scan around the (0002) reflection of GaN for sample E3980, compared with a 

theoretical calculation of the diffractogram. The calculation assumed the structure to be 

pseudomorphic on the BOC layer, which in turn was assumed 50% relaxed on the GaN substrate. 

There is an excellent agreement between the calculation and the experiment. The most intense 

peak of the diffractogram is attributed to the GaN substrate, and the second highest, located at 

slightly higher angles, to the TOC and BOC Al0.15Ga0.85N layers. The reflection from the Al0.07Ga0.93N 
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layers is not resolved due to its proximity to the MQW reflection. The satellites of the MQW 

reflection allow a precise determination of the MQW period using equation (3.2). For E3980, we 

obtained a period of 14.1 nm. Figure 4.10(b) presents the XRD θ-2θ scan for samples E3997, 

E4025 and E4044, which share the same MQW nominal period, compared with the theoretical 

calculation of the E3997 diffractogram. In this case, the distance between MQW satellite peaks is 

larger compared to E3980, indicating a shorter period in real space, as expected. The most intense 

peak corresponds to the reflection of the GaN substrate, and the second highest to the Al0.2Ga0.8N 

layers. In the case of E4044, an extra peak appear at higher angles, corresponding to the reflection 

of the Al0.3Ga0.7N TOC layer. The MQW satellites of the three samples are almost aligned due to 

their almost identical periods, which were calculated to be 11.1 nm for E3997, 10.9 nm for E4025 

and 11 nm for E4044. 

 
Figure 4.10. XRD θ-2θ scan around the (0002) reflection of GaN for samples (a) E3980, and (b) E3997, E4025 

and E4044. Labels identify the reflections originating from the GaN substrate, the Al0.15Ga0.85N, Al0.2Ga0.8N and 

Al0.3Ga0.9N layers and the MQWs, with several satellites. Experimental results are compared with theoretical 

calculations of the diffractograms for E3980 and E3997. 
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From the periods extracted from the XRD data, we can correct our estimation of the growth 

rate and calculate the thickness for each individual layer of the samples. Table 4.4 summarizes the 

real architectures obtained, which slightly differ in thickness from the nominal designs. These 

measurements were confirmed by HAADF-STEM images, shown in Figure 4.11 for E3997, E4025 

and E4044. Clear contrast corresponds to layers with higher Ga concentration. Note the difference 

between the sharp Al0.2Ga0.8N/Al0.1Ga0.9N interfaces in E3997 (Figure 4.11(a), left panel) and the 

graded layers in E4025 (Figure 4.11(b), left panel) and E4044 (Figure 4.11(c), left panel). The 

zoomed images of the MQWs on the right side are consistent with the periods obtained from XRD 

measurements. 

Table 4.4. Description of the samples under study with the real thickness extracted from XRD and STEM 

measurements. 

 E3980 E3997 E4025 E4044 

TOC 47 nm Al0.15Ga0.85N 44.4 nm Al0.2Ga0.8N 26.4 nm Al0.2Ga0.8N 44.2 nm Al0.3Ga0.7N 

Graded - - 35.2 nm 48.7 nm 

TIC 63 nm Al0.07Ga0.93N 59.5 nm Al0.1Ga0.9N 41.4 nm Al0.1Ga0.9N - 

MQW 
10(2.8 nm GaN/ 

11.4 nm Al0.07Ga0.93N) 
10(1.4 nm GaN/ 

9.8 nm Al0.1Ga0.9N) 
10(1.3 nm GaN/ 

9.7 nm Al0.1Ga0.9N) 
10(1.3 nm GaN/ 

9.7 nm Al0.1Ga0.9N) 

BIC 37.6 nm Al0.07Ga0.93N 35.5 nm Al0.1Ga0.9N 17.6 nm Al0.1Ga0.9N 17.7 nm Al0.1Ga0.9N 

Graded - - 35.2 nm 35.4 nm 

BOC 376 nm Al0.15Ga0.85N 355 nm Al0.2Ga0.8N 332 nm Al0.2Ga0.8N 334 nm Al0.2Ga0.8N 

 

Table 4.5 presents the full width at half maximum (FWHM) of the X-ray ω-scan around the 

(0002) reflection of the MQWs from E3997, E4025 and E4044, the 3 samples with the same 

nominal MQW structure. The comparison points to an improvement of the crystalline quality in 

samples that incorporate graded layers. This result is consistent with the structural studies of Sun 

et al. [192], who showed that such compositionally graded AlGaN layers may serve as a strain 

transition buffer which blocks threading dislocations. 

Table 4.5. Experimental measurement of the full width at half maximum of the ω-scan of the (0002) X-ray 

reflection of the MQW (∆ω). 

 E3997 E4025 E4044 

∆ω 208 arcsec 128 arcsec 158 arcsec 
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Figure 4.11. HAADF-STEM images of samples (a) E3997, (b) E4025, (c) E4044, observed along the [11-20] 

zone axis. A zoomed view of four quantum wells in the MQW is outlined in red. 
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To gain further insight into the samples, we performed reciprocal space maps (RSM) around 

the (10-15) reflection, which can provide information on the Al molar fraction and the strain state 

of the layers. In the reciprocal space map of sample E3980 in Figure 4.12(a), we can identify the 

reflection from the Al0.15Ga0.85N claddings, whose location confirms that the Al mole fraction is 

0.150 ± 0.005 and the BOC layer is partially relaxed. The reflection of Al0.15Ga0.85N and the satellites 

of the MQW are vertically aligned, which confirms that the MQW grows pseudomorphically on the 

bottom cladding layer. Similar situation occurs for samples E3997 and E4044, whose RSMs are 

presented in Figure 4.12(b) and (c), respectively. In these samples, the reflections of the MQW are 

aligned with the BOC reflection. From the angular location of the AlxGa1-xN reflections, we can 

estimate that the Al molar fraction is 0.23 and 0.34 in the BOC and TOC layers of E4044, 

respectively, which is slightly higher than the nominal values.  

 
Figure 4.12. Reciprocal space map around the (10-15) reflection of GaN for samples (a) E3980, (b) E3997 and 

(c) E4044. Note that for this reflection, the in-plane reciprocal vector is 𝑄𝑥 = −2/(𝑎√3), where “a” is the in-

plane lattice parameter, and the out-of-plane reciprocal vector is  𝑄𝑧 = 1/(5𝑐), where “c” is the out-of-plane 

lattice parameter. 

Complementary studies of the AlGaN molar fraction of the layers were performed by energy-

dispersive X-ray spectroscopy (EDX) in STEM by Florian Castioni (CEA-LETI). EDX is a 

characterization technique that consists in exciting the material with an electron beam and 

collecting the X-ray generated due to radiative electronic transitions between core electron levels 

in the atoms. The emitted wavelength is characteristic of each atomic element. Figure 4.13(a) 

shows a HAADF STEM image together with EDX intensity maps for Al, Ga and N for samples E3997 

and E4044. The progressive decrease of signal in the topmost layer of E4044, leading to a blurry 

area, is due to the fact that the edge of the lamella was damaged during FIB preparation, despite 

the use of protective layers, and the proximity of vacuum can cause artefacts on X-ray absorption. 

Figure 4.13(b) presents the atomic fraction of Al, Ga and N extracted from the EDX measurements 
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along the [0001] growth direction for both samples, calibrated with stoichiometric reference 

samples of known thicknesses [196]. From them, we confirm that the Al concentration in the outer 

cladding layers is slightly higher than nominal, as observed in the XRD measurements, attaining 

0.25 and 0.38 in the BOC and TOC cladding layers of E4044, respectively. Note that the values of 

the top cladding layer must be taken as a rough estimation, due to their proximity to the deposited 

protective layers or to vacuum.  

 
Figure 4.13. (a) HAADF STEM image and EDX measurement of Al-K, Ga-K and N-K transitions in E3997 and 

E4044. (b) Quantitative EDX results of Al, Ga and N mole fractions along the growth direction for samples 

E3997 and E4044. Note that the mole fraction notation AlxGayN(1-x-y) given in the graph is different from the 

relative concentration between III-atoms AlxGa(1-x)N used in the rest of the manuscript. 

The relaxation of misfit strain can take place by generation of dislocation or propagation of 

cracks. In our samples, the latter mechanism is clearly observed in an optical microscope, as 

illustrated in Figure 4.14. Cracks appear parallel to the cleaved edge and forming 60° angle, which 

confirms that they propagate along the m-planes. Such cracks are generated in AlGaN layers 

grown under tensile stress, as it is the case here due to the lattice mismatch with the GaN 
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substrate. The presence of cracks is not catastrophic for the device performance, since the 

distance between cracks is large enough to allow the fabrication of devices. 

 

Figure 4.14. Top view of sample E3980 in the proximity of a cleaved edge following the m-plane. Cracks 

propagate either parallel to the cleaved edge or forming an angle of 60°. 

 

4.3 Optical properties of the AlGaN/GaN heterostructures 

In this section, I describe the spontaneous emission of the various AlGaN/GaN heterostructures 

under electron beam or optical excitation. The section includes calculations of the internal 

quantum efficiency and net gain. 

4.3.1 Spontaneous emission under electron beam excitation 

Since the final purpose of these AlGaN/GaN heterostructures is to operate under electron beam 

excitation, we performed cathodoluminescence measurements as a function of the acceleration 

voltage, Va, to study the penetration of the beam on the samples. Figure 4.15 presents the 

cathodoluminescence spectra for the 4 samples under study. Increasing Va implies increasing the 

penetration depth of the electron beam, as described in section 2.3.3. Electron-hole pairs 

generated by impact ionization in the surface layer or deep inside the structure have to diffuse 

towards the MQW to emit at the desired wavelength. Therefore, the evolution of the CL as a 

function of Va gives information about the efficiency of the carrier collection process. This 

measurement is performed with the injection current remaining approximately constant. The CL 

spectra are normalized by dividing by the acceleration voltage and injection current, so that their 

comparison provides a direct view of the evolution of the conversion efficiency. The CL 

measurements presented here were recorded using a CL-SEM system, which does not reach high 

enough current densities to attain the amplified spontaneous emission regime. Furthermore, the 
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experiments were performed in as-grown material, without mirror processing, so that lasing is 

not expected.  

The CL spectra for sample E3980 (see Figure 4.15(a)) presents a main peak coming from the 

MQW at 360 nm, in good agreement with the targeted wavelength, and a less intense peak at 350 

nm attributed to the BIC/TIC Al0.07Ga0.93N layers. A third peak arising at high voltages, attributed 

to the BOC Al0.15Ga0.85N layer, is consequence of a long penetration depth of the electron beam, 

which reaches the BOC at a depth longer than the electron-hole pair diffusion length, preventing 

them to reach the active region.  

The CL spectra for sample E3997 (see Figure 4.15(b)) at low acceleration voltages is dominated 

by recombination in the MQW (peak at 353 nm, shorter than the peak emission of E3980, as 

targeted). This means that carriers generated close to the surface are efficiently transferred to the 

MQW. However, a very weak signal around 322 nm is visible for Va = 5 kV, and it is assigned to the 

recombination in the Al0.2Ga0.8N TOC layer. In view of the intensity of the curves, the efficiency of 

the device is maximum in the range of Va = 7-10 kV. At higher acceleration voltages, a secondary 

peak at 342 nm assigned to recombination in the Al0.1Ga0.9N inner cladding layers appears, and it 

becomes dominant for Va > 12 kV. This behavior points out that carriers generated in the BIC layer 

have problems to diffuse to the MQW. The origin of this issue becomes evident when looking at 

the band diagram in Figure 4.8(a). The strong band bending at the Al0.1Ga0.9N/Al0.2Ga0.8N 

heterointerfaces sets potential barriers (marked with red arrows in the figure) that hinder the 

carrier transfer to the MQW. 

The effect of the incorporation of a GRINSCH region is observable in the CL spectra from sample 

E4025 (see Figure 4.15(c)). The spectra present a main peak at 352 nm assigned to the MQW and 

a secondary peak at 339 nm attributed to recombination in the Al0.1Ga0.9N inner cladding layers. 

A third peak appearing at 324 nm under high acceleration voltage (Va > 10 kV) is assigned to 

emission from the Al0.2Ga0.8N BOC layer when the energy of the injected electrons is high enough 

to penetrate deeper than the GRINSCH region (penetration depth represented in the right panel 

in Figure 4.9(a)). At the same time, the integrated intensity starts to decrease, probably due to 

reabsorption of the luminescence from the BOC by the upper layers. In comparison with the CL 

data from E3997 (SCH design), the intensity of the emission from the Al0.1Ga0.9N for Va > 10 kV is 

considerably lower when compared with the MQW line. This confirms an improvement on the 

transfer from the BIC to the MQW. However, the line at 339 nm is clearly resolved at low 

accelerating voltages, which implies that carriers recombine in the TIC layer, in the region 

outlined with a dashed circle in Figure 4.8(b), without diffusing to the MQW. 

The emission peaks from E4025 are significantly narrower than those from E3997, although 

both samples have the same alloy composition, approximately the same QW thickness and they 
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emit at the same wavelength. The reduction of the FWHM can be attributed to a lower defect 

density in the structure with GRINSCH due to the smooth change in the lattice parameter between 

cladding layers. This is consistent with the discussion on the FWHM of the X-ray ∆ω from section 

4.2.2. 

In summary, the CL data of sample E4025 represents an improvement with respect to sample 

E3997 thanks to the enhanced carrier diffusion from the bottom layers. However, further efforts 

are needed to reduce the carrier recombination rate in the top cladding layers. Sample E4044 

addresses this issue by incorporating an asymmetric GRINSCH model, where the top graded layer 

extends to the edge of the MQW region and attains a higher Al content at the surface (see in Figure 

4.8(c)). The CL spectra for E4044 in Figure 4.15(d) shows the predominance of the MQW peak at 

351 nm. A peak at 323 nm, assigned to the Al0.2Ga0.8N BOC layer, appears only at high acceleration 

voltage, when the carriers penetrate deeper than the collection region of the GRINSCH. For 

operation with Va ≤ 7 kV, 99% of the emission comes from the MQW. For comparison purposes, in 

the case of E4025, at the same acceleration voltage, the light emitted from the MQW was around 

75% of the total emission. 

  
Figure 4.15. CL spectra recorded at different acceleration voltages for (a) E3980, (b) E3997, (c) E4025 and 

(d) E4044. The CL spectra are normalized by dividing by the acceleration voltage and injection current. 
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4.3.2 Study of the internal quantum efficiency 

The performance of a UV emitter can be described by its external quantum efficiency (EQE), 

which is the ratio between the number of photons detected and the number of photons (optical 

pumping) or electrons (electrical pumping) injected into the device, as already introduced in 

section 2.3.2. Also, in the case of a laser, a relevant parameter is the differential EQE, ∆EQE, 

extracted from the slope of the output power vs the pumping power curve above the lasing 

threshold. However, to assess the material properties, it is also interesting to refer to the internal 

quantum efficiency (IQE), which is defined as the product between the injection efficiency and the 

recombination efficiency as 𝐼𝑄𝐸 = 𝜂𝑖𝑛𝑗 × 𝜂𝑟𝑎𝑑 .  

The IQE is generally extracted from temperature-dependent PL measurements. It is often 

assumed that the IQE at a certain temperature (T) can be calculated as 

 IQE(T) =
𝐼𝑃𝐿(𝑇)

𝐼𝑃𝐿(𝑇 = 0 𝐾)
 (4.1) 

where 𝐼𝑃𝐿(𝑇) is the integrated PL intensity at T. This estimation is based on the hypothesis that 

the PL intensity saturates at low temperatures, since carrier freeze out prevents them from 

reaching non-radiative recombination centers. 

To obtain the intrinsic IQE associated with the material properties, the excitation should 

introduce as little perturbation as possible. For this reason, we have performed low-injection 

temperature-dependent PL measurements (continuous-wave laser at 10 µW) with results 

presented in Figure 4.16. The multiple MQW peaks are attributed to longitudinal-optical (LO) 

phonon relaxations, as all the peaks are separated by the characteristic energy of these phonons 

in GaN, being ELO ≈ 92 meV. To understand the spectra, we must keep in mind the penetration 

depth of the pumping laser. In view of the absorption coefficient of GaN, 80% of the absorption 

occurs in the TOC+TIC layers, and carriers have to diffuse towards the MQW, as depicted in Figure 

4.17. Therefore, the observed transitions can be assigned to recombination in the TOC and TIC 

layers, in the MQW, and to a low energy band due to donor-acceptor pair (DAP) recombination, as 

indicated in the figures. In all the samples under study, the ratio of the integrated PL intensity 

from the MQW at room temperature and at low temperature is systematically lower than 1%. Such 

values are generally observed in GaN-based MQWs measured under low injection conditions 

[197,198]. 
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Figure 4.16. PL spectra at low injection conditions for samples (a) E3980, (b) E3997, (c) E4025 and (d) E4044. 

The emission assigned to the outer claddings (OC), inner claddings (IC), MQW, and donor-acceptor pair (DAP) 

recombination are indicated in the figures. Solid lines associate the MQW line with its first and second phonon 

replicas. Dashed curves describe the evolution of the MQW emission with temperature. 

 
Figure 4.17. Calculations of the carrier generation a function of depth, normalized to its maximum, in the 

cases of pumping with an electron beam (acceleration voltage Va = 10 kV) or with a UV laser (wavelength λ = 

266 nm). The calculation used the absorption coefficients reported by Muth et. al. in [191]. The alloy 

concentration profile corresponds to sample E3980. 

Looking at the PL line assigned to the MQW in Figure 4.16, the spectral evolution of the PL peak 

presents an S shape, outlined with dashed lines in the figures. This behavior is assigned to the 
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localization of carriers in potential fluctuations in the QWs [199], which can be due to fluctuations 

of the QW thickness or alloy inhomogeneities in the QW barrier. Figure 4.18 shows the evolution 

of the MQW PL peak energy as function of temperature for the four samples, and the high 

temperature trend is fitted with Varshni’s equation [82], introduced as equation (2.9) in section 

2.1.4, which defines the theoretical evolution of the material band gap as a function of 

temperature. 

 
Figure 4.18. Variation of the MQW peak energy as a function of temperature, compared with the trend given 

by the Varshni equation (dashed lines) to estimate the carrier localization energy, Eloc. 

The deviation from Varshni’s trend observed at low temperatures provides an estimation of 

the carrier localization energy, by extracting the difference between the trend and the 

experimental results at low temperatures. In some works it has been stated that carrier 

localization is directly related to the crystal quality of the material [200], since structural 

irregularities can translate into alloy inhomogeneities or thickness fluctuations in nanostructures. 

In our samples, if we compare the two SCH designs, the localization energy varies from Eloc = 9±0.5 

meV for E3980 to 40±2 meV for E3997, which means higher localization in the sample with 

thinner QWs.  

If we compare the samples with the same QW size, where the localization energy varies from 

Eloc = 40±2 meV for E3997 to 20±1 meV for E4025 and 17±1 meV for E4044. In the QWs, 

localization can be due to alloy inhomogeneities in the barriers or fluctuations of the QW 

thickness. A similar study applied to the TIC line, assigned to recombination in the Al0.1Ga0.9N inner 

cladding, leads to Eloc = 42±4 meV for E3997 to 37±4 meV for E4025 and 19±3 meV for E4044. In 

the TIC, localization should be associated with alloy fluctuations. The trends are consistent with 

the results of energy dispersive X-ray analysis (EDX) measurements in TEM, presented in Figure 

4.19, which show that E3997 presents both more thickness fluctuations in the QWs and larger 

alloy inhomogeneities in the barriers than E4044.  
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We also note that the localization energy in the TOC layers, with higher Al content, increases to 

the range of 44-53 meV in all the samples, which hinders the diffusion of carriers toward the MQW 

at low temperature and explains the presence of the TOC-related lines in all the spectra in Figure 

4.16. 

 

     
Figure 4.19. HAADF-STEM images and EDX measurements of two QWs for samples E3997 and E4044. The Al 

content is illustrated using a color map. 

The IQE of III-nitrides depends strongly on the injection intensity [201–203]. Under operating 

conditions, the carrier density in the structure is high enough to saturate non-radiative 

recombination paths and screen potential barriers associated with defects or interfaces. 

Emulating such conditions requires relatively high pumping densities. Therefore, we have studied 

the IQE of the heterostructures as a function of temperature and excitation power density using 

the method described by Yamada et al. [204] 

 IQESCH(T) =
𝜂PL(𝑇)

𝑚𝑎𝑥[𝜂PL(𝑇 = 0 𝐾)]
 (4.2) 

where 𝜂PL is the PL efficiency, defined as the integrated PL intensity divided by the excitation 

power. The PL spectra were measured for various excitation powers, as presented in Figure 4.20 

at 6 and 300 K. The narrow lines labeled “*” that appear at high excitation power are assigned to 

stimulated emission. Such phenomenon is not expected in a sample without cleaved facets, but it 

occurs due to the feedback provided by reflection at parallel cracks appearing due to the strong 

lattice mismatch between different layers (see section 4.2.2). 
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Figure 4.20. Variation of the PL spectra as a function of excitation power, measured at 6 K and 300 K. The 

narrow line labeled as “*” that appears at high pumping powers is assigned to stimulated emission. 

The calculation of IQESCH considers the integrated intensity of the whole PL spectrum. However, 

the contribution of recombination in the cladding layers to the total intensity can be important, 

particularly at low temperatures, due to poor carrier diffusion to the MQW. In view of lasing, 

radiative recombination in the cladding layers should be considered as losses. Therefore, we have 

calculated IQEMQW integrating only the optical signal from the MQW, which can be extracted using 

a Lorentzian fit to remove the other contributions (i.e. cladding and lasing lines) with the 

maximum PL efficiency still given by the integrated PL over the whole spectrum at low 

temperatures, that is 

 IQEMQW(T) =
𝜂PL MQW(𝑇)

𝑚𝑎𝑥[𝜂PL(𝑇 = 0 𝐾)]
 (4.3) 

where 𝜂PL MQW is the integrated PL intensity of the MQW divided by the pumping power and 𝜂PL 

is the total integrated PL intensity divided by the pumping power. Note that the maximum 

IQEMQW(T = 0 K) is not necessarily 100%, in contrast with IQESCH(T = 0 K), which was assumed to 

attain 100% as maximum value. Comparing IQESCH and IQEMQW, we can extract information about 

the efficiency of the carrier transfer from the waveguide to the MQW. Figure 4.21 displays IQESCH 

and IQEMQW as a function of temperature for E3997, E4025 and E4044. The maximum IQESCH and 

IQEMQW data is summarized in Table 4.6. At 6K, the highest IQEMQW is about 49%, 56% and 86% 

for E3997, E4025 and E4044, respectively. Their band diagram can explain the difference between 
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samples: The GRINSCH in E4025 and E4044 promotes the diffusion of carriers along the growth 

axis towards the MQW, which is one of the factors that limit the IQEMQW at cryogenic temperatures. 

However, at 300 K, the trend is reversed compared to that at 6 K, i.e., the IQEMQW is about 22%, 

11% and 5% for E3997, E4025 and E4044, respectively. This suggests that the higher carrier 

mobility at room temperatures promotes not only carrier collection in the MQW, due to the 

enhanced diffusion length along the growth axis, but also their trapping in non-radiative centers, 

due to the enhanced in-plane diffusion length. As the acceleration of non-radiative processes is 

higher in samples with lower carrier localization, the performance of E4044 is penalized with 

respect to E4025 and E3997.  

 
Figure 4.21. Estimation of the IQESCH and IQEMQW as a function of the excitation power density for sample (a) 

E3997, (b) E4025 and (c) E4044, at 6 K and 300 K. 

Table 4.6. Maximum IQEMQW at 6 K and room temperature and maximum IQESCH at room temperature (note 

that the maximum IQESCH at 6 K is considered to be 100%). 

 E3997 E4025 E4044 

max[IQEMQW (T = 6 K)] (%) 49 56 86 

max[IQEMQW (T = 300 K)] (%) 22 11 5.0 

max[IQESCH (T = 300 K)] (%) 26 13 5.5 

 

In general, as the excitation power increases, we can distinguish three different regimes in the 

IQE: 

- Regime A: Starting from low excitation power, when the injection increases, the non-

radiative recombination paths start to saturate, leading to an increase of the IQE. 

- Regime B: For a certain range of power densities, the non-radiative centers are saturated 

thus, the maximum IQE is achieved. 

- Regime C: When the excitation is even higher, the radiative recombination paths also start 

to saturate and Auger or thermal effects appear, in detriment of the IQE. 
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Therefore, the evolution of the IQE with the excitation power presents an inverted U shape. 

Attaining the maximum IQE (regime B) at room temperature requires higher pumping power than 

at low temperature. This is due to the larger probability of escape towards non-radiative 

recombination paths at high temperatures.  

 
Figure 4.22. IQEMQW as a function of the excitation power density at different temperatures for (a) E3997, (b) 

E4025 and (c) E4044. 

Figure 4.22 shows the IQEMQW as a function of the pump power and temperature for the three 

architectures with comparable QW size and Al content. From the curves, we have extracted the 

variation of the maximum IQEMQW as a function of temperature in the three samples, with the 

result illustrated in Figure 4.23. The IQEMQW remains constant at low temperatures and drops 

sharply for higher temperatures due to the activation of non-radiative recombination paths. The 

most severe thermal quenching is observed in sample E4044, which features the highest IQEMQW 

at 6 K. The dashed lines in the figure are fits assuming the dominance of a monoexponential non-

radiative process, so that the variation with temperature is described by 

 IQE(T) =
IQE(𝑇 = 0)

1 + 𝐴 𝑒𝑥𝑝(−𝐸𝑎/𝑘𝑇)
 (4.4) 

where Ea is the activation energy of the non-radiative process, A is a fitting parameter that is 

determined by the ratio between the radiative and the non-radiative recombination times [205], 

and kT is the thermal energy. In the figure, Ea = 22±5 meV, 16±9 meV, and 14±2 meV for samples 

E3997, E4025 and E4044, respectively. Even if the energy values are smaller than the carrier 

localization energy extracted from the variation of the PL peak energy with temperature (see 

Figure 4.18), which can be explained by the different excitation conditions, the trend obtained 

here is consistent with the trend of the carrier localization energy extracted. On the other hand, 

the values of A extracted from the fits are A = 2.4±0.6, 6±3, and 12±3 for samples E3997, E4025 

and E4044, respectively. Even if the error bars are large, the trend points to an acceleration of 

non-radiative phenomena in sample E4025 and particularly in sample E4044 with respect to 
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E3997, which might indicate a higher density of point defects behaving as non-radiative 

recombination centers. These results suggest that the enhanced mobility of carriers at room 

temperature in E4025 and E4044 promotes not only carrier collection in the MQW, but also their 

reaching to non-radiative traps, which are more effective due to the reduced localization in the 

MQW. The particularly high value of A in E4044 might indicate a higher density of point defects in 

the structure, which could be explained by the higher aluminium content in the upper layers. 

 
Figure 4.23. Maximum IQEMQW as a function of the inverse temperature for E3997, E4025 and E4044. 

 

4.3.3 Assessment of the optical net gain 

One of the fundamental conditions to reach lasing is the presence of gain in the active area of 

the heterostructure. For that reason, an assessment of the optical net gain of the structure can 

provide an indication on the necessary power to reach gain regime. A study on the optical net gain 

of sample E3980 was performed in collaboration with Institute Lumière Matière (iLM) - 

Université Lyon 1. The experimental set-up and the optical measurements were performed by 

Quang Mihn Thai (iLM).  

The measurement of the net optical gain is performed with the variable stripe length (VSL) 

method [206–208]. This method consists in exciting optically the sample with a stripe-shape beam 

whose length is controlled with the insertion of a slit or blade in the stripe beam path (see Figure 

4.24(a)). The intensity of the edge emitted photoluminescence (𝐼𝜆) is measured as a function of 

the stripe length (L), at fixed excitation power. The variation is described by a one-dimensional 

optical amplifier model: 

 𝐼𝜆(𝐿) =  
𝐼𝑠𝐴

𝑔𝜆
(𝑒𝑔𝜆𝐿 − 1) (4.5) 
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where 𝐼𝑠 is the spontaneous emission rate per unit volume, A is the cross-section area of the 

excited volume and 𝑔𝜆 is the net gain at a certain wavelength λ. By plotting the PL intensity and 

then fitting with equation (4.5), we can extract the optical net gain. 

The experimental set-up for this measurement is illustrated in Figure 4.24(b). The pump 

source was a 193 nm ArF excimer laser (Compex 102 from Coherent), operated in pulse mode (20 

ns pulse width, with a frequency capped at 20 Hz). Such pump laser was already used in several 

studies of optical gain in AlGaN-based MQW [209–211]. Since the ArF laser beam dimension is 

relatively large (10 mm x 24 mm), to create a narrow laser stripe on the sample, we insert a 

rectangular slit (0.05 mm x 3 mm) in front of the laser beam, then recreate its image on the sample 

using two fused silica spherical lenses. The laser stripe on the sample has a width of 25 µm and a 

maximum length of 1500 µm. A mobile slit is positioned in front of the sample to modify the stripe 

length. Both the sample and the laser stripe can be imaged by reflection on a CMOS camera 

(Thorlabs DCC1240M). The beam intensity can be modified by using fused silica refractive optical 

densities. PL signals are collected using an optical fiber and then analyzed with a Horiba Triax 320 

spectrometer (grating of 1200 groves/mm, with blaze wavelength at 330 nm), coupled with a 

cooled CCD camera (Symphony STE). 

 
Figure 4.24. (a) Schematic of the VSL method excitation geometry (modified from [210]). (b) Experimental 

set-up for net gain measurements using the VSL method. 

To perform the VSL experiment, one of the edges of the sample was mechanically cleaved along 

the m-plane of the GaN substrate, to provide the output facet. Note that lasing is undesired for this 

kind of measurement, therefore, the back facet was not cleaved. The lateral confinement of the 

light is obtained by gain guiding, i.e. by the fact that the population-inverted region is determined 

by the width of the pumping laser stripe, which generates a gain gradient in the structure. To study 

the homogeneity of the sample, we performed gain measurements on different areas, from which 

we identified two different behaviors. 

Figure 4.25(a) and (b) presents the PL spectra recorded at two different positions labelled as 

position 1 and position 2, respectively, measured with a pumping power of 743 kW/cm2, as a 
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function of the stripe length between 40 µm and 400 µm. At position 1 (Figure 4.25(a)), the PL 

intensity increases systematically as the stripe length increases. At position 2 (Figure 4.25(b)), the 

behavior is similar for stripes shorter than 240 µm, and then, the PL intensity increases rapidly in 

the range between 240-360 µm, and the shape and width of the peak changes. Finally, for the 400 

µm long stripe, the intensity saturates. The evolution of the intensity and the FWHM of the peak 

is shown in Figure 4.25(c). For stripes longer than 240 µm, the FWHM at position 2 becomes 

narrower than that at position 1, decreasing down to 1.5 nm at position 2 compared to 2.6 nm at 

position 1. The superlinear increase of the PL intensity with the stripe length, along with the 

spectral narrowing, confirm the presence of amplified spontaneous emission (ASE). 

 
Figure 4.25. PL spectra obtained from sample E3980 for different stripe lengths, at (a) position 1 and (b) 

position 2. (c) PL peak FWHM and intensity at position 1 and position 2 as function of the stripe length. 

 
Figure 4.26(a) shows the evolution of the PL intensity at λ = 367 nm as a function of the stripe 

length for position 1, for several pumping power values. The fitted net gain varies from -24 cm-1 

at 218 kW/cm2, up to 129 cm-1 at 743 kW/cm2. A negative value of net gain occurs when 

absorption is predominant, while a positive value indicates gain regime. The curve shape is 

different between the case of absorption (negative gain), where the signal starts to saturate at 

long stripe length, and in the case of net gain (positive gain), with an exponential increase of the 

PL intensity. By repeating the fitting process at different wavelengths, we obtain the net gain as 

function of the wavelength and pumping power, presented in Figure 4.26(b). Positive net gain 

exists for pumping power higher than 218 kW/cm2, with highest value equal to 131 cm-1 at 

λ = 366.5 nm for a pumping power of 743 kW/cm2. The peak net gain shifts from 371 nm at 
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218 kW/cm2 to 366.5 nm at 743 kW/cm2, as a consequence of band filling. At longer wavelengths, 

the net gain becomes negative as absorption internal losses dominate. On the other hand, the 

response observed for wavelengths shorter than 365 nm might come from the mixed optical 

response of the top cladding layers. 

 
Figure 4.26. Net gain measurements performed at position 1: (a) PL intensity at λ = 367 nm, as a function of 

the stripe length, for pumping power between 218 kW/cm2 and 743 kW/cm2. Raw data are presented as 

symbols and fits are presented as solid lines. (b) Net gain as function of the wavelength at different pumping 

powers. Positive values indicate presence of net gain, while negative values indicate absorption. (c) Variation 

of the maximum net gain at 367 nm as a function of the pumping power. 

In order to compare our results with literature, we have compared the maximum reported net 

gain divided by the number of QWs in the structure. For this calculation, we assume that all the 

QWs are active, which is unlikely in our case due to the poor penetration depth of optical pumping 

into the active region (see Figure 4.17). The carrier density in the wells depend on the carrier 

diffusion process, so that most probably only the topmost QWs reach population inversion, 

meaning that we are underestimating our net gain when dividing by the total number of QWs. 

Nevertheless, the maximum net gain obtained here is 13 cm-1/QW, which is in the range of the 

results in literature around 12-15 cm-1/QW [212–214]. However, the comparison with gain values 

in literature is delicate, since the designs have not only different number of QWs, but also different 

thicknesses or Al composition. In addition, representing the net gain as a function of the pumping 

power in Figure 4.26(c), we observe that gain saturation is not reached yet at the highest pumped 

power used in this experiment, so that the maximum net gain for structure E3980 might be slightly 

higher. 
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The same measurement was repeated for position 2, with the results shown in Figure 4.27. 

Compared to position 1, the PL intensity at 367 nm at high powers shows a sharper increase 

followed by a saturation at large values of the stripe length (see Figure 4.27(a)). To clarify, the 

saturation part of the graphs was excluded (if present) during the fitting process to extract the 

gain. The net gain curves as function of the wavelength are plotted in Figure 4.27(b). In this 

position, the net gain threshold (i.e. the power density necessary to reach positive gain) is 403 

kW/cm2, higher than position 1 with 218 kW/cm2. However, the maximum net gain at 743 

kW/cm2 is 240 cm-1, significantly higher than 131 cm-1 for position 1. In addition, the shape of the 

curve changes for the three highest pumping power values, resembling a peak rather than the 

rounded profile expected in gain measurements. 

 
Figure 4.27. Net gain measurements at position 2: (a) PL intensity at λ = 367 nm, as a function of the stripe 

length, for pumping power between 218 kW/cm2 and 743 kW/cm2. Raw data are presented as symbols and fits 

are presented as solid lines. (b) Net gain as function of the wavelength at different pumping powers. 

From these results, we notice several important differences between the results at positions 1 

and 2. The maximum net gain is higher at position 2, but the spectral distribution of the gain is 

unusual, the PL emission is particularly narrow and there is evidence of gain saturation at long 

stripe lengths. To understand the mechanisms behind this optical response, we analyzed the 

evolution of the emission characteristics (intensity and FWHM) as a function of the pumping 

power for a fixed stripe length, namely 400 µm, and presented them in Figure 4.28. The response 

is similar for pumping power lower than 550 kW/cm2. At higher pumping power, for position 2, 

there is a larger superlinear enhancement of the PL intensity, with a collapse of the FWHM. These 

features together suggest the onset of lasing, which would be expected for a material with gain 

within an optical cavity, but is not expected for a sample with only one facet cleaved. However, the 

presence of the straight cracks that propagate along the m-planes revealed by optical microscope 

in Figure 4.14 from section 4.2.2, might explain the lasing feature. These cracks appear parallel to 
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the cleaved edge and also forming 60° angle. Therefore, partial reflection from the cracks parallel 

to the cleaved edge could provide the optical cavity feedback that amplifies the PL intensity, 

resulting in the anomalous behavior of the emission characteristics observed in position 2. In this 

case, equation (4.5) is no longer valid. 

 
Figure 4.28. Variation of (a) the PL intensity and (b) the PL peak FWHM as a function of the pumping power 

measured at position 1 and position 2, for a stripe length of 400 µm. 

Due to the interaction between cracks, the distance between the cleaved edge and the first 

crack is not constant along the sample (between 300 µm and 600 µm in the microscope image). 

The length scale of this distance is comparable with our maximum stripe length, which explains 

the different behavior in different areas of the sample. Thus, it can be concluded that position 1 

has the typical behavior expected in a reliable net gain measurement, whereas position 2 presents 

an amplification of the response for long stripes due to the optical feedback provided by a crack. 

By changing the measurement point along the sample, we observe locations with the behavior of 

position 1 and 2. The high density of cracks makes that domains with response described as 

“position 2” are relatively dominant.  

Attempts to perform similar measurements in the samples emitting at shorter wavelength 

(350 nm such as E3997) encountered higher difficulties: it was hardly possible to find spots 

without optical amplification due to the shorted distance between cracks originated by the higher 

misfit strain derived from higher Al concentration in the AlGaN layers. Therefore, gain 

measurements were systematically overestimated. Solving this issue would require advanced 

strain management during the growth process, either growing in patterned substrates or on bulk 

AlN. Even if for these emission wavelengths, AlN substrates present larger lattices mismatch than 

GaN, the resulting strain in the structure is compressive, which favors relaxation by dislocation 

instead of crack propagation (tensile strain).  
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4.3.4 Estimation of the lasing threshold from the net gain 

In the case of an optical cavity with very low mirror losses (for example in very long Fabry-

Perot cavities), the presence of optical net gain can be used as an indicator to estimate the 

threshold power required for lasing under electron beam pumping. To compare lasing thresholds 

measured with different types of carrier injection in the same active region, i.e. optical pumping, 

electrical injection or electron beam pumping, we estimate their energy cost to achieve the same 

carrier density threshold. In this study of the optical gain, under optical pumping with an ArF laser 

(λ = 193 nm), the energy cost to generate an electron-hole pair is the laser photon energy, 

Elaser = 6.42 eV. In the case of electron beam pumping, as mentioned in section 2.3, the energy 

required to generate an electron-hole pair is about 3 times the band gap [215], i.e. 

Eebeam  33.6 eV = 10.8 eV. For this calculation, we consider that the majority of the electron-hole 

pairs are generated in the barriers of the active region and diffused towards the QWs, thus we 

consider the band gap energy of Al0.07Ga0.93N being 3.6 eV. With this data, the threshold for 

electron beam pumping, 𝑃𝑡ℎ
𝑒𝑏𝑒𝑎𝑚, can be estimated from the optical net gain threshold, 𝑃𝑡ℎ

𝑔𝑎𝑖𝑛
, using 

 𝑃𝑡ℎ
𝑒𝑏𝑒𝑎𝑚 =

𝐸𝑒𝑏𝑒𝑎𝑚

𝐸𝑙𝑎𝑠𝑒𝑟
 𝑃𝑡ℎ
𝑔𝑎𝑖𝑛

 (4.6) 

For E3980, with a net gain threshold of 218 kW/cm2, we estimate a lasing threshold 

𝑃𝑡ℎ
𝑒𝑏𝑒𝑎𝑚 370 kW/cm2 under electron beam pumping at room temperature. However, it should be 

kept in mind that the net gain threshold obtained in this study is overestimated, since 

measurements were performed by optical pumping, meaning that only the topmost QWs are 

expected to attain population inversion, and the others contribute to enhance the absorption 

losses. Therefore, the calculated lasing threshold is indeed an upper limit.  

To compare this lasing threshold with values in the literature, we must keep in mind that the 

gain depends not only on the pumping procedure but also on the number of QWs. Therefore, to 

take this factor in to account, we will also compare the carrier density per QW at the threshold, 

Nth. This parameter is in the range of state-of-the-art of UV laser diodes based on an SCH (see Table 

4.7 and Figure 4.29). A reduction of Nth can be obtained by modifying the structure to be 

specifically adapted for optical pumping, approaching the QWs to the surface [216–218]. 

However, such designs are not compatible with electron beam pumping.    
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Table 4.7. Reported values of lasing wavelength (λ), threshold current (Ith) or threshold power density (Pth) at 

room temperature and surface carrier density (Nth) injected per QW and per second at the lasing threshold for 

several UV laser diodes. The active region structure (MQW = multi-quantum well, SQW = single quantum well) 

and heterostructure design are also indicated 

Ref. Year λ (nm) 
Ith 

(kA/cm2) 
Pth 

(kW/cm2) 
Nth per QW 

(1022 s-1cm-2) 
Active region Heterostructure design 

[219] 2009 
354.4 - 359.6 
336.0 - 342.3 

8 
17.6 

-- 
-- 

1.7* 
3.7* 

GaN/AlGaN MQW 
AlGaN/AlGaN MQW  

SCH, 5 µm ridge, 500 µm cavity 
SCH, 5 µm ridge, 500 µm cavity 

[220] 2008 355.4 - 361.6 19.1±5.5 -- 4 3GaN/AlGaN SCH, 5 µm ridge, 1000 µm cavity 

[221] 2004 365 3.5-4.5 -- 0.83* 2-7GaN/AlGaN SCH, 2 µm ridge, 500 µm cavity 

[222] 2001 366.9 3.5 -- 2.2 SQW GaN/AlGaN SCH, 2.5 µm ridge, 600 µm cavity 

[223] 2020 278.9 19.6 -- 12.3 SQW AlGaN/AlGaN 
SCH, 4 µm ridge, 400 µm cavity, 
HfO2/Al2O3 DBR 

[224] 2019 271.8 25 -- 15.5 SQW AlGaN/AlGaN 
SCH, 4 µm ridge, 400 µm cavity 
HfO2/SiO2 DBR 

[225] 2007 355.4 - 361.6 19.1±5.5 -- 4 3GaN/AlGaN SCH, 5 µm ridge, 1000 µm cavity 

[226] 2021 300 14.2 -- 4.4 2AlGaN/AlGaN SCH, 10 µm ridge, 2000 µm cavity  

[227] 2015 350 56 -- 11.7* GaN/AlGaN MQW SCH, 1.5 µm ridge, 300 µm cavity 

[228] 2020 298 41 -- 25.6 SQW AlGaN/AlGaN SCH, 300 µm cavity 

[229] 2004 350.9 7.3 -- 1.5 3GaN/AlGaN SCH, 5.5 µm ridge, 500 µm cavity 

[230] 2012 267 -- 126 5.2** 3AlGaN/AlGaN SCH, 160 µm ridge, 1 mm cavity 

[216] 2018 267 -- 6 0.2** 3×AlGaN/AlGaN QWs at the surface 

[217] 2019 245 -- 190 0.5** 40×GaN/AlGaN QWs at the surface 

[218] 2014 256 -- 61 1.2** 5×AlGaN/AlGaN QWs at the surface 

This 
work 

2022 367 -- 218 2.1** 10GaN/AlGaN 
SCH designed for electron beam 
pumping, 50 µm ridge, 1 mm 
cavity (E3980) 

* Nth per QW estimated assuming 3 active QWs. 
** Nth per QW estimated as the photon flux divided by the number of QWs, considering the optical pumping wavelength. 

 

Figure 4.29. Variation of Nth per QW as a function of the emission wavelength (data from Table 4.7). Data 

corresponding to SCHs and heterostructures optimized for optical pumping are represented with different 

symbols and colors. 
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4.4 Conclusions 

In this chapter, I have presented the design, growth, and structural and optical characterization 

of AlGaN/GaN heterostructures dedicated to operate as active media for electron beam pumped 

UV-A lasers. 

The samples presented in this chapter have been designed to operate at relatively low 

acceleration voltages (Va ≤ 10 kV) in comparison with previously reported structures (e.g. Hayashi 

et al. [51]) by reducing the top cladding layers thickness. This approach allows an efficient 

confinement of the optical mode inside the waveguide. Optical leakage losses are prevented by a 

proper selection of thickness and Al concentration in the cladding layers. The samples are 

designed to emit in the range between 350-365 nm, corresponding to the UV-A spectral region, 

by tuning the GaN QWs thickness. The implementation of a GRINSCH improves the collection of 

carriers towards the active region without any negative impact in the quality of the waveguide. 

Furthermore, the smooth transition between ternary alloys in the compositionally graded layers 

favors the structural quality of the active MQW. In addition to that, an asymmetric design of the 

GRINSCH is introduced, to further improve the transfer of carriers towards the active region.  

The designed samples were grown by PAMBE. Optical measurements confirm optimal 

operation around 7-10 kV and superior carrier collection of the GRINSCH. At low temperature, the 

samples with GRINSCH present superior IQE due to the enhanced carrier transfer towards the 

MQW. However, the room-temperature IQE is higher in the SCH sample (without graded layers). 

This fact is attributed to alloy inhomogeneities and QW thickness fluctuations, which favor carrier 

localization and reduce the non-radiative recombination probability. 

Finally, we report the challenge of performing optical net gain measurements at room 

temperature by VSL method for an SCH designed for electron beam pumping. Due to the electron 

penetration profile, these structures host multiple QWs within hundreds-of-nanometers thick 

active region. Characterizing with optical pumping under these conditions is complex, since the 

optical excitation is restricted to the proximity of the surface, thus, only the topmost QWs can 

attain population inversion. In spite of these limitations, the results are at the state of the art. 

Interestingly, we observed an anomalous amplification in some areas of the sample that occurs 

for long stripe lengths and high pumping powers, and also present higher net gain threshold. We 

attributed these phenomena to the optical feedback provided by the reflection at cracks, which 

appear due to plastic relaxation of misfit strain in AlGaN-based structures grown on GaN 

substrates. The cracks are not catastrophic for the laser device performance; however, they can 

induce an overestimation of the gain measurements, which can be identified from the spectral 

variation of the gain. 



97 
 

Chapter 5  
Laser emission and device optimization 
 

In this chapter, laser cavities from the studied samples are processed and characterized. Lasing emission 

under optical pumping is reported at low (5 K) and room temperature, and an estimation of the electron 

beam pumping threshold is provided. The results reveal a decorrelation between the lasing threshold and 

the internal quantum efficiency results, which is discussed in the second section. The quality of the mirrors 

is identified as a limiting factor. Therefore, in the third section, a two-step process to obtain smooth and 

vertical cavity facets is presented and compared to the mechanically cleaved facet cavities. Finally, we 

discuss the possibility to implement a DBR mirror to further reduce the lasing threshold. 

The measurements under electron beam were performed in collaboration with Steve Purcell (Univ. Claude 

Bernard Lyon 1). I fabricated the laser cavity and the facet mirrors in the facilities of PTA Grenoble. The 

MATLAB code to simulate the DBR reflectivity was written by Bruno Gayral, the mirrors were deposited by 

Eric Delamadeleine, and the experimental reflectivity was measured with the support of Lou Denaix. 

Part of the results presented in this chapter have been published in: 

(1) “AlGaN/GaN asymmetric graded-index separate confinement heterostructures designed for electron-

beam pumped UV lasers”, S. Cuesta et al. Opt. Express 29, 13084-13093 (2021) [186] 

(2) “Development of AlGaN/GaN heterostructures for e-beam pumped UV lasers”, S. Cuesta Arcos et al. 

Proc. SPIE 11686, Gallium Nitride Materials and Devices XVI, 116860S (2021) [187] 

(3) “Decorrelation of internal quantum efficiency and lasing threshold in AlGaN-based separate 

confinement heterostructures for UV emission”, S. Cuesta et al. Appl. Phys. Lett. 119, 151103 (2021) 

[188]  

(4) “Reduction of the lasing threshold in optically pumped AlGaN/GaN lasers with two-step etched facets”, 

S. Cuesta et al. Semicond. Sci. Technol. 37, 075013 (2022) [231] 

 

5.1 Demonstration of lasing  

In order to assess the lasing performance of the heterostructures, it is necessary to define a 

cavity to provide some optical feedback to the gain media. Therefore, a set of laser bars with 1 mm 

resonator length were prepared by mechanical cleaving along the (10-10) m-plane of GaN for each 

sample. First tests were performed under optical pumping with an Nd:YAG laser emitting at 

266 nm. The excitation was perpendicular to the m-plane facet and to the surface, and the edge 

emission was collected as described in the set-up B in section 3.2.5. 

5.1.1 Room temperature measurements 

Figure 5.1(a) presents the room-temperature PL edge emission from a 1-mm-long laser bar of 

sample E3980, at various pumping power densities. At low excitation power, the spectrum is 

dominated by a broad peak centered at 365 nm, assigned to spontaneous emission from the QWs. 
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However, for power densities higher than 192 kW/cm2, a sharp and intense peak arises, which is 

assigned to lasing emission. For further evidence of lasing, Figure 5.1(b) presents the variation of 

the main peak PL intensity (left axis) and its FWHM (right axis) as a function of the pumping power 

density, showing an abrupt superlinear increase in the emission at the threshold, together with a 

sharp drop of the FWHM. Figure 5.1(c) shows the polarization properties of the stimulated and 

spontaneous emission from sample E3980. The stimulated emission displays clear dependence 

on the polarization angle, with a transverse electric (TE) : transverse magnetic (TM) output power 

ratio = 15:1. 

  
Figure 5.1. (a) Room temperature PL spectra in semi-logarithmic scale of sample E3980 (cavity length = 1mm) 

at different pumping power. (b) PL intensity (full markers) and FWHM (hollow markers) as a function of the 

excitation power density. The grey dashed line represents a linear tendency. Note that 1 nm is the resolution 

limit of the setup when using a grating with 600 groves/mm. (c) PL intensity collected as function of the 

polarization angle (0° corresponds to TE polarization). 
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Figure 5.2(a) presents the room-temperature PL edge emission of 1 mm long cavity from 

sample E3997. The spontaneous emission observed at low pumping powers is governed by a 

broad peak centered at 355 nm, blue-shifted with respect to sample E3980 due to the thinner QWs 

in E3997. The intense and narrow peak from lasing emission arises at a power density threshold 

of 210 kW/cm2. Observing the variation of the PL intensity and FWHM as a function of the 

pumping power density in Figure 5.2(b), a superlinear increase in the emission together with a 

drop of the FWHM by several orders of magnitude occur at the threshold. The polarization 

dependence of the stimulated emission is summarized in Figure 5.2(c), presenting an output ratio 

TE:TM = 30:1. 

  
Figure 5.2. (a) Room temperature PL spectra in semi-logarithmic scale of sample E3997 (cavity length = 1mm) 

at different pumping power. (b) Emitted photoluminescence intensity (full markers) and FWHM (empty 

markers) in function of the excitation power density. The grey dashed line represents a linear tendency. Note 

that 0.1 nm is the resolution limit of the setup when using a grating with 1800 groves/mm. (c) PL intensity 

collected as function of the polarization angle (0° corresponds to TE polarization). 

Figure 5.3(a) shows the room-temperature PL edge emission of 1 mm long cavity from E4025, 

with GRINSCH. The stimulated emission appears at 358 nm with a power density threshold of 

180 kW/cm2. The polarization of the emitted light is illustrated in Figure 5.3(b). The stimulated 

emission is clearly defined in the TE mode direction, and vanishes in the perpendicular TM mode 
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direction (TE:TM = 30:1). In contrast, spontaneous emission is not polarized, as expected. Figure 

5.4(a) shows the room temperature PL edge emission spectra of 1-mm-long cavity from sample 

E4044 with asymmetric GRINSCH. The spectra shows stimulated emission at 353 nm with a 

power density threshold of 180 kW/cm2. The polarization feature in Figure 5.4(b) presents the 

same behavior as E4025, with the stimulated emission clearly polarized in the TE direction. 

  
Figure 5.3. (a) Room temperature PL spectra in semi-logarithmic scale of sample E4025 (cavity length = 1mm) 

at different pumping power. (b) PL intensity collected as function of the polarization angle (0° corresponds to 

TE polarization). 

  
Figure 5.4. (a) Room temperature PL spectra in semi-logarithmic scale of sample E4044 (cavity length = 1mm) 

at different pumping power. (b) PL intensity collected as function of the polarization angle (0° corresponds to 

TE polarization). 

A comparison of the lasing threshold at room temperature between samples E3997, E4025 and 

E4044 is presented in Figure 5.5. Note that sample E3980 has different MQW composition and 

thickness, thus it is not directly comparable. For the three samples in the figure, the 

implementation of the GRINSCH (E4025, blue in figure) leads to an improvement of the lasing 

performance in comparison with the SCH design (E3997, green in figure), reducing by 15% the 

threshold power density. The asymmetric GRINSCH (E4044, orange in figure) follows the same 

tendency as the symmetric GRINSCH. Note that the lasing thresholds compared here are the best 

performance attained from each sample, from a set of different measurements. 
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Figure 5.5. PL peak intensity as a function of the excitation power density for samples E3997 (SCH), E4025 

(GRINSCH) and E4044 (a-GRINSCH). The dark dashed line represents a linear tendency. 

 

5.1.2 Temperature dependent measurements 

Figure 5.6 depicts the variation of the lasing threshold as a function of the temperature for 

samples E3997, E4025 and E4044 (1-mm-long cavities). The evolution of the threshold with 

temperature follows an exponential trend (expected empirical dependence [85]) with an 

activation energy Eth = 12-13 ± 2 meV for samples E3997 and E4025, increasing to Eth = 38 ± 5 meV 

for E4044. To understand the relatively high threshold of E4044 at low temperatures, we must 

remind that most of the absorption in PL occurs in the TOC+TIC layers. Therefore, the higher 

losses that appear when cooling down can be related to alloy fluctuations and higher density of 

non-radiative point defects in the Al-rich topmost AlGaN layer. In contrast, at high temperatures, 

carriers have enough energy to follow the potential ramp created by the GRINSCH and diffuse 

efficiently to the MQW. 

 
Figure 5.6. Variation of the lasing threshold as a function of temperature for samples (a) E3997, (b) E4025 

and (c) E4044. 
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5.1.3 Estimation of lasing threshold under electron beam 

The optically pumped threshold power densities presented here can be decreased by 

eliminating the top cladding layers, facilitating the pumping of the entire MQW stack. This is due 

to the fact that most of the optical absorption occurs in the top-most 100 nm of the structure (as 

discussed previously in Figure 4.17). However, this would result in a degradation of the 

performance under electron pumping, which is the target of these structures, due to the different 

carrier distribution between optically pumped and electron-beam pumped device. Nevertheless, 

the measurement of the optical threshold provides comparative information about the carrier 

transfer from the top layers to the active region and the optical losses in the waveguides. For 

instance, our experiments demonstrate that the implementation of a GRINSCH results in a 

relevant improvement of the collection of carriers generated by impact-ionization while 

maintaining laser emission at 353 nm with a threshold power density lower than that of the 

equivalent SCH design. 

We can also use the optical threshold to make an estimation of the electron beam threshold. To 

compare lasing thresholds measured with different types of carrier injection in the same active 

region, we estimate their energy cost to achieve the same carrier density threshold, as in section 

4.3.4. In the case of optical pumping with an Nd:YAG laser (λ = 266 nm), for each photon absorbed 

with energy higher than the band gap energy, an electron-hole pair is created; thus, the energy 

cost to generate an electron-hole pair is the energy of the laser, 𝐸𝑙𝑎𝑠𝑒𝑟 = 4.66 eV. In the case of 

electron beam pumping, the energy required to generate an electron-hole pair is about 3 times 

the band gap energy 𝐸𝑒𝑏𝑒𝑎𝑚 = 3 × 3.68 eV = 11.04 eV. With this data, the threshold for electron 

beam pumping can be estimated from the optical threshold as 𝑃𝑡ℎ
𝑒𝑏𝑒𝑎𝑚 = 𝐸𝑒𝑏𝑒𝑎𝑚 𝑃𝑡ℎ

𝑙𝑎𝑠𝑒𝑟/𝐸𝑙𝑎𝑠𝑒𝑟 , 

with the results summarized in Table 5.1. Note that these lasing thresholds might be 

overestimated, since measurements were performed under optical pumping, meaning that only 

the topmost QWs are expected to attain population inversion, while the others contribute to 

enhance the absorption losses. Therefore, the calculated lasing threshold can be understood as an 

upper limit. 

Table 5.1. Optical and estimated electron beam pumping lasing power density threshold at room temperature 

for the samples under study. 

 
Optical threshold 

(kW/cm2) 
Estimated e-beam 

threshold (kW/cm2) 

E3980 192 455 

E3997 210 498 

E4025 180 426 

E4044 180 426 
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5.2 Tests under electron beam pumping 

The final target of our heterostructures is to work as the active region in an electron beam 

pumped device, as depicted in Figure 5.7(a). The device consists of a vacuum tube containing the 

AlGaN dice mounted on a heat sink (anode). In the original design of the project, the cathode 

consists of carbon nanotubes or carbon fibers, developed by the team of Prof. S. T. Purcell in Univ. 

Claude Bernard Lyon I (see Figure 5.7(b)).  

   

Figure 5.7. (a) Schematic of the targeted UVLASE prototype. (b) Cathode from Univ. Claude Bernard Lyon I. 

For the first experiments, a commercial thermionic cathode was incorporated into a home-

made experimental set-up built by our collaborators in Lyon, which allowed us to perform some 

preliminary measurements of our samples under electron beam pumping (continuous excitation) 

at room temperature. Figure 5.8(a) shows the experimental set-up. The laser bars were glued on 

a copper holder and introduced in the vacuum chamber, which is pumped down to  10-8 Torr. 

The copper holder is placed on a micromanipulator with movement in the X-, Y- and Z-axes. 

Outside the vacuum chamber, an optical set-up collects the edge emission from the sample, which 

is focused on an optical fiber connected to a spectrometer (see Figure 5.8(b)). During the last part 

of my PhD work, a liquid N2 cooling system and a pulsing gun were integrated in the set-up.  
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Figure 5.8. (a) Experimental set-up at Univ. Claude Bernard Lyon I for cathodoluminescence. (b) Optical 

collection set-up. 

Figure 5.9(a) and (b) are a photograph and a scheme of the set-up inside the vacuum chamber. 

The cathode is polarized at the desired high voltage (𝑉𝑎  =  𝑉𝑝 in the scheme), with respect to the 

anode, and an additional power supply (𝑉𝑓 , 𝐼𝑓) is used to produce a current in the filament. In order 

to drive the electrons away from the space charge that is generated on the surface of the cathode, 

an external voltage (𝑉𝑐 and 𝑉𝑤) is applied to the Wehnelt cylinder (see Figure 5.9(c)) that contains 

the thermionic cathode (see Figure 5.9(d)). Empirical tests determined that the optimal value for 

these external voltages in our measurement conditions were 𝑉𝑐 = 𝑉𝑤 = 𝑉𝑝, but they can be tuned 

independently. An electromagnetic lens (𝑉𝑒𝑥𝑡) and three Einzel lenses (𝑉𝐸𝑧) focus the electron 

beam into a round spot of 1 mm diameter, without changing its energy. The spot was measured 

replacing the anode by a phosphor screen. The current of the beam is labelled 𝐼𝑒. The beam 

impinges on the sample located at the anode, which at the same time is slightly polarized (𝑉𝑆𝐸) in 

order to attract the secondary electrons and reduce the difference between 𝐼𝑒 and the real current 

through the sample, 𝐼𝑠.  
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Figure 5.9. Set-up inside the vacuum chamber: (a) photograph and (b) schematic view. (c) Electron gun. (d) 

Thermionic cathode. 

Figure 5.10(a) presents CL measurements of a 1.5-mm-long laser bar of sample E3980, as a 

function of the beam current at 130 K. The measurements were performed in the above-described 

set-up at room temperature and at 130 K, and with 𝑉𝑝 = 5 kV and 𝑉𝑆𝐸 = 500 V. The emission was 

collected from the edge of the sample. The maximum injected current was limited to 𝐼𝑠 = 2 mA. 

The main peak at 360 nm, corresponding to emission from the QWs, scales linearly with the 

injected current at room temperature, showing no evidence of stimulated emission for the range 

of pumping powers under study. This result is due to the fact that the maximum output of the 

electron beam in the current conditions is equivalent to 2.5 kW/cm2, approximately two orders of 

magnitude lower than the lasing threshold estimated from our optical measurements. A positive 

result is that we do not find any evidence of saturation thermal effects for these excitation levels. 

On the other hand, at 130 K we observe a superlinearity in the CL intensity at a certain pumping 

power (see Figure 5.10(b)). This superlinearity did not come together with a drop in the peak 

width, which remains almost unchanged. Therefore, we attribute this behavior to the presence of 

amplified spontaneous emission, which is a promising result towards the lasing achievement. 

Further tests in the estimated threshold pumping powers are required to demonstrate the 

feasibility of lasing at room temperature with this technology in our samples.  
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Figure 5.10. (a) CL emission from E3980 as a function of the electron beam current (𝐼𝑠) at 130 K. (b) Evolution 

of the CL intensity and FWHM of the MQW peak as a function of the electron beam pumping power at 130 K.  

 

5.3 Decorrelation of IQE and lasing threshold 

In order to understand which sample design is more favorable as active media for electron 

beam pumped UV-A lasers, we compare the IQEMQW results from Chapter 4 with the lasing 

threshold measurements in section 5.1. All these values are summarized in Table 5.2. Figure 5.11 

compares the maximum IQEMQW and lasing threshold as a function of temperature for samples 

E3997, E4025 and E4044. A relevant feature that we observe when comparing these values is that 

the two parameters are not correlated. At room temperature, E3997 is the sample that presents 

highest IQEMQW, but at the same time the highest lasing threshold. Paradoxically, sample E4044, 

which presented the lowest IQEMQW, exhibits at the same time the lowest lasing threshold. A 

similar situation occurs at low temperature but with an inversed tendency: E4044 is the sample 

with the highest IQEMQW but the highest lasing threshold. This tendency also occurs when we 

compare the IQEMQW values at threshold conditions. 

 
Figure 5.11. (a) Maximum IQEMQW as a function of temperature for E3997, E4025 and E4044. (b) Variation of 

the lasing threshold as a function of temperature. 
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From the decorrelation between IQEMQW and lasing threshold, we infer that there exist different 

physical phenomena governing each one of these parameters. Higher IQEMQW at room temperature 

is associated with higher in-plane carrier localization in the MQW, which is explained by the fact 

that potential fluctuations prevent carriers from reaching non-radiative centers, as discussed in 

section 4.3.2. A decorrelation of the lasing threshold and the IQEMQW is expected in samples 

presenting potential fluctuations in the wells, since they lead in inhomogeneous broadening of the 

gain spectrum [232]. In that case, higher pumping power is required to attain a high-enough gain 

to overcome the losses, consequently increasing the lasing threshold, even if the MQW is more 

radiative efficient. Inhomogeneous spectral broadening of the gain generally manifests as 

inhomogeneous broadening of the photoluminescence. However, this is not the case in our 

samples. If we compare the FWHM of the MQW PL peaks in Figure 4.16(b-d) with the lasing power 

density threshold, displayed in Table 5.2, the values do not follow the same tendency. For example, 

E4025 has a narrower emission line than E4044 in spite of having the same lasing threshold. 

Table 5.2. Lasing power density threshold at room temperature (RT) and at 6 K (LT) measured in 1-mm-long 

mechanically cleaved cavities when optically pumped with a Nd-YAG laser. Maximum IQEMQW at room 

temperature and at 6 K. FWHM of the MQW PL peak from the spectra in Figure 4.16. 

 E3997 E4025 E4044 

Design model SCH GRINSCH a-GRINSCH 

RT Lasing threshold (kW/cm2) 210 180 180 

LT Lasing threshold (kW/cm2) 31 23 76 

max[IQEMQW(T=300 K)] (%) 22 11 5.0 

max[IQEMQW(T=6 K)] (%) 49 56 86 

RT FWHM MQW PL peak (nm) 10 5 9 

LT FWHM MQW PL peak (nm) 4 3 3.5 

 

The lasing threshold depends on more factors, namely, the attainment of a carrier 

concentration high enough to ensure population inversion and a gain level that compensates the 

optical losses. In the three structures, the waveguide was designed to present similar optical 

confinement. The laser bars were cleaved in the same manner, and the cavity length was the same, 

long enough to ensure that the distributed mirror losses are relatively small. Therefore, the 

variation of the threshold should not be associated with the optical properties of the waveguide 

but rather to the difference in carrier injection and material quality. As discussed above, higher 

losses that appear when cooling down can relate to the alloy fluctuations and higher density of 

non-radiative point defects in the Al-rich topmost AlGaN layers. In contrast, at high temperature, 

carriers have enough energy to follow the potential ramp created by the GRINSCH and diffuse 

efficiently to the MQW. 
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Overall, at room temperature, carrier localization in the quantum wells leads to an 

enhancement of the radiative efficiency. However, lasing threshold appears to be more sensitive 

to carrier injection efficiency than to radiative efficiency. Therefore, designs including graded 

alloys that enhance the carrier injection are capable of overcoming the lower internal quantum 

efficiency.  

 

5.4 Threshold reduction with two-step etched facets  

5.4.1 Threshold dependence with cavity length 

To assess the dependence of the threshold with the cavity length [233], I prepared a set of laser 

bar cavities with resonator lengths between 0.5 mm and 1.5 mm by mechanical cleaving along the 

(10-10) m-plane of GaN for samples E3997 and E4025. Figure 5.12 presents the lasing thresholds 

at room temperature under optical pumping, as a function of the cavity length. Note that E4025 

has systematically lower power density threshold than E3997 due to the improved carrier 

transfer to the active MQW discussed in previous sections. Additionally, 0.5-mm-long laser bar 

from sample E3997 did not attain the lasing threshold with the maximum pumping power density 

achievable in our set-up (< 250 kW/cm2). 

The power density threshold is the pumping power density required to compensate the optical 

losses in the structure, including the internal (𝛼𝑖) and the mirror (𝛼𝑚) losses. Therefore, as 

previously discussed in section 2.2.2, the dependence of the threshold (𝑃𝑡ℎ) on the cavity length 

(L) can be expressed as: 

𝑃𝑡ℎ = 𝑘(𝛼𝑖 + 𝛼𝑚) = 𝑘 (𝛼𝑖 −
1

2𝐿
𝑙𝑛(𝑅1𝑅2)) (5.1) 

where k is a proportionality constant and 𝑅1 and 𝑅2 are the reflectivity of the two cavity mirrors. 

In our case, we can assume that both cleaved facets are identical (𝑅1 = 𝑅2 = 𝑅). Looking at the 

equation, in the case of long cavities, the contribution of the mirror losses becomes negligible 

compared to the internal losses. In our samples, we observe that for long cavities, the lasing 

threshold is smaller for the GRINSCH, indicating lower internal losses, which can be associated to 

the better crystallographic quality of the graded samples. On the contrary, the mirror losses 

become dominant in short cavities. In Figure 5.12, the cleaved cavities follow the tendency 

described in equation (5.1) (dashed lines in the figure). The fact that data follow the 1/L 

dependence indicates that the cavity losses are dominated by mirror losses. 
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Figure 5.12. Power density threshold at room temperature as a function of the cavity length for mechanically 

cleaved cavities from samples E3997 and E4025. Dashed lines represent fits to equation (5.1). 

 

5.4.2 Mirror fabrication 

In order to reduce the lasing threshold of our samples, it is crucial to reduce the optical losses. 

In the case of edge emitting lasers, the fabrication of very smooth and vertical mirror facets is 

critical to the laser performance [234]. Mechanical cleaving is a common method for the 

fabrication of lasers for its good performance for a relatively simple process [17,235,236], 

although it is not practical for mass production and it sets a bottom limit to the cavity length. 

Furthermore, the strain fields due to the lattice mismatch in GaN/AlGaN SCH can result in non-

ideal cleaved facets, due to the surface roughness induced by stress relaxation during the cleaving 

process. Also, mechanical cleaving is difficult to apply when the epilayers are grown 

heteroepitaxially on substrates whose cleaving planes are not aligned with those of the active 

layers, e.g. AlGaN on c-sapphire. 

An alternative method for the definition of the cavity is using lithography and etching [237–

239], which grants a precise geometry control, independent of the substrate. However, reactive 

ion etching (RIE) does not provide the vertical walls required for lasing, and complementary 

crystallographic selective etching process is required to reduce the mirror losses. In this sense, in 

spite of the high chemical resistance to etching of nitrides to common solvants, the exposure of 

AlGaN to tetramethylammonium hydroxide (TMAH), sodium hydroxide (NaOH) or potassium 

hydroxide (KOH) is known to lead to crystallographic selective etching rates [236,240–243]. It is 

often reported that the fabrication of UV laser cavities include a wet etching step, most often with 

TMAH [29,51,226,234,244] or KOH [238]. With this idea in mind, here I present the methodology 

developed in this work in order to obtain vertical and smooth facets with a two-step etching 

process. 
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First step is to define a cavity pattern on our sample by optical lithography. For this purpose, I 

designed the photolithography masks depicted in Figure 5.13, with the software KLayout [245]. 

The pattern consist in a stepped mesa, with a total height of 1500 µm, and a variable width 

between 100 µm and 500 µm, stepped every 300 µm. The mesa was defined like that in order to 

dispose of five different cavity sizes within the same sample. The length of the cavity will be 

defined by the width of the mesa along the m-direction. Therefore, the mesa has to be aligned with 

the m-plane of the AlGaN/GaN heterostructure. The design was printed in a 4”  4” mask by the 

company Compugraphics Photomask. In addition to the mesa pattern, the mask includes several 

markers that were added to identify the mesa along the sample after fabrication, and to align a 

second mask in a future processing step that would define a ridge on top of the mesa.  

 

Figure 5.13. Photolithography mask design. The mesa pattern will define the laser cavities. 

In a first approach in the lithography step, positive photoresist (AZ-5214E) was used as a mask 

for the definition of the cavities. Since the AlGaN surface resulted to be hydrophobic for the 

photoresist solution, an intermediate promoter thin layer of hexamethyldisilazane (HMDS) was 

spin-coated beforehand (4000 rpm, 60 s). The spin-coating recipe for the photoresist deposition 

was optimized to 2000 rpm during 60 s in order to obtain a photoresist film of 2.2 µm. It was 

observed that thinner photoresist films were completely consumed by the end of the ICP etching 

(approximately 1 µm of the photoresist mask is etched during a 5 min process), failing in their 

task to protect the patterned area. The sample with the photoresist was pre-baked at 100 °C 

during 90 s, for later be aligned with the photolithography mask and exposed to UV lamp during 

30 s. After the exposure, the photoresist was developed with a solution of AZ developer 1:1 during 

40 s. At the end of the dry etching process, the photoresist was removed with acetone. 
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For dry etching by ICP-RIE, samples with the patterned mask were glued on a Si wafer in order 

to be compatible with the equipment sample holder. The dry etching was performed with a 

Cl2/BCl3 (10/25 sccm) chemistry [246], optimized for GaN. The radiofrequency (RF) power was 

220 W, the ICP power was 990 W, the sample temperature was 50 °C and the pressure in the 

chamber was 10 mTorr. 

An initial test was carried out with a GaN-on-sapphire template, for an etching time of 5 min. 

The height of the resulting mesa was measured with a profilometer, with the results summarized 

in Table 5.3. We observe that 1.07 µm of GaN were etched during the 5 min, leading to an etching 

rate of 214 nm/min for this recipe. On the other hand, the photoresist is also etched by the 

chemistry selected, with an etching rate of 198 nm/min. The deposited photoresist is thick enough 

(originally 2 µm) to withstand until the end of the procedure. Figure 5.14 presents a SEM image 

of the etched mesa. The pattern is clearly defined, but the etched sidewalls form an angle of 50° 

with the direction normal to the surface. 

Table 5.3. Mesa thickness at each step of a 5 min dry etching of a GaN-on-sapphire template. 

 Thickness (µm) 

Resist mask after development 2.18 

Mesa after etching (with resist) 2.06 

Mesa after photoresist removal (without resist) 1.07 

 

 
Figure 5.14. SEM image of the dry etched facet of a GaN template after photoresist removal. 

To reduce this tapering, a second approach consisted in the implementation of a SiO2 hard 

mask. For this purpose, a 500-nm-thick SiO2 layer was deposited by chemical vapor deposition 

(CVD). Then, the same photolithography process was implemented on the SiO2 layer with the 

positive photoresist procedure. Next, the pattern was etched on the SiO2 hard mask with a 

CF4/CH2F2 chemistry (25/25 sccm, RF power = 125 W, ICP power = 600 W, pressure in the 

chamber = 5 mTorr). The etching rate was 80 nm/min, for a total of 7 min to etch the 500 nm. 
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Afterwards, the photoresist is lifted-off and the GaN heterostructure is dry etched with the same 

conditions as before. Unfortunately, the resulting mesa revealed that the 500 nm from the SiO2 

hard mask were completely etched with the Cl2/BCl3 chemistry. Consequently, the top-most 

nanometers of the GaN mesa were also etched. This is critical for our AlGaN heterostructures, 

since the top-most nanometers constitute the top cladding layers of the waveguide.  

In order to overcome this problem, a third approach was considered, in which the hard mask 

was consisted in a SiO2/Ni (500 nm/150 nm) layer. With this combination, SiO2 acts as a hard 

mask for AlGaN while protected from the Cl2/BCl3 chemistry by the Ni overlayer. At the end of the 

process, the SiO2 hard mask can be easily removed with hydrofluoric acid (HF). Therefore, for this 

new approach, the SiO2 layer was deposited on the sample by CVD, but AZ-5214E was used as 

negative photoresist to define the cavities by photolithography. This is the same resist that we 

used as positive photoresist in the previous approaches, however, it has the particularity that it is 

a reversible resist, meaning that depending on the preparation process, it can act as a positive or 

negative resist. In this case, we choose the negative procedure, that consisted in spin-coating the 

resist at 4000 rpm during 60 s (thickness  1.4 µm). After baking at 100 °C during 120 s, the sample 

was aligned with the mask and exposed to the UV lamp during 5.5 s. Immediately after, the sample 

underwent a second baking at 120 °C during 120 s, to later be flood exposed during 32 s (without 

the photolithography mask). Finally, the resist is developed with AZ developer 1:1 during 40 s. 

The resulting sample presents a layer of photoresist with exposed SiO2 presenting the patterned 

shape. Next, a thin Ni layer is deposited by electron-beam evaporation, followed by lift-off. At the 

end, the sample has a Ni hard mask with the desired pattern. From here onwards, the process is 

the same as before, starting by etching the SiO2 layer with the CF4/CH2F2 chemistry, followed by 

the etching of the GaN mesa with the Cl2/BCl3 chemistry. The SEM image of the resulting mesa 

after dry etching in an AlGaN GRINSCH sample is presented in Figure 5.15. The top dark layer 

corresponds to the SiO2/Ni hard mask. With this mask, the facet angle was reduced to 15°. The 

mask was subsequently removed by washing in HF. 

 

Figure 5.15. SEM images of the dry etched facet of an AlGaN/GaN GRINSCH sample, before removing the 

SiO2/Ni mask. 
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Table 5.4 presents the etched depth measured by profilometry compared to the height of the 

SCH, verifying that the complete stack has been exposed. The as-dry-etched samples did not 

display any laser emission under optical pumping, which is explained by the imperfection of the 

optical cavity due to the tilted facet [236,247]. As modelled by van Deurzen et al [234], short 

wavelength emitters based on cavity optics have a high sensitivity to boundary imperfections. 

Therefore, a crystallographic-selective wet etching process is required to further reduce the facet 

tilt. The wet chemical etching of AlGaN in KOH-based solutions is highly anisotropic [242], and 

can be used to reduce tapering. 

Table 5.4. Etched mesa thickness for sample E3997 and E4025 compared to the structure stack height. 

 Mesa (nm) SCH (nm) 

E3997 1120 606.4 

E4025 897 597.8 

 

For the optimization of the wet etching process, initial tests were performed on a 4 µm-thick 

GaN-on-sapphire template. The layer was first dry etched following the above-described 

procedure, with the result shown in Figure 5.16 (top row) after removal of the hard mask. Then, 

the sample was dipped in a deionized water solution of AZ400K developer (KOH-based developer 

from AZ Electronic Materials USA Corp.), AZ400K:H2O = 1:4, stabilized at 65°C. Figure 5.16 show 

the resulting facets after 1, 2, 3, 4, 6, 8 and 10 h of chemical treatment. The images reveal how the 

facets evolve under wet etching. In a first step, the areas damaged during the dry etching process 

are rapidly removed, and we observe the emergence of nanofacets at the sidewalls (first 4 hours), 

mostly c-(0001) and m-{10-10} planes. Increasing the etching time, the vertical facets become 

larger and the presence of (0001) nanofacets is restricted to the part of the sidewall closer to 

substrate (6-8 hours). For longer etching time (10 hours), vertical facets are obtained. Note that 

for convex geometries, the etching of the nanofacets is slightly slower. 
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Figure 5.16. SEM images of the dry etched facets of a GaN-on-sapphire template after a certain wet etching 

time in AZ400K:H2O (1:4) at 65 °C. The scale and crystallographic axis are the same in all the images. 
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Figure 5.17 presents a top-view SEM image of the resulting facets, showing the straight 

morphology of the m-{10-10} planes and the roughness of a-{11-20} planes due to the presence 

of m-{10-10} nanofacets. In contrast with convex geometries, concave areas etch at a faster rate. 

The shape that results from the etching process is explained by the Wulff-Jaccodine model [248], 

which can predict the 3D geometry over time [249–251]. This geometrical model, which can be 

considered the inverse of a growth model, idealized the crystal facets as mathematical planes, 

neglecting real surface structures. It considers that facets with slow etch rate appear in concave 

geometries, leading to better quality etched planes than in convex areas. In KOH-based solutions, 

AlGaN m-{10-10}, a-{11-20} and c-(0001) planes have etching rates with order of magnitude 

slower (nm/s) than those of semipolar and (000-1) planes (µm/s). Therefore, vertical facets are 

exposed, particularly those with the slowest etching rate, i.e. m-{10-10} planes [252]. 

 
Figure 5.17. Top-view of the etched sample showing straight, vertical m-facets and rough a-walls showing m-

nanofacets. 

The above-described experiment was useful to visualize the process leading to smooth m 

facets. However, for device fabrication, the method must be accelerated. Therefore, for the 

fabrication of the laser mirrors, we have used non-diluted AZ400K stabilized at 80°C, with the 

results illustrated in Figure 5.18 for sample E4025. Note that the facets are vertical and there is 

no significant differences in the etching rate for the various layers in the stack. In fact, it exists a 

dependence of the etching rate on the Al molar fraction [253]. However, it is negligible for short 

etching times and low Al molar concentration such as in our case. This effect is not visible in the 

10 h process from Figure 5.16 because the sample was bulk GaN. 

 

Figure 5.18. SEM image of the m facet of a laser cavity from sample E4025 after the two-step etching process 

(dry etching + crystallographic selective etching). 

 



5.4. Threshold reduction with two-step etched facets 

 

116 
 

5.4.3 Comparison between cleaved and etched facets 

In the previous section, we developed a two-step etching process to obtain vertical and smooth 

facets for our laser cavities. However, the question remains if this process can lead to comparable 

or improved mirror facets with respect to mechanical cleaving, or to what point it might limit the 

device performance. With that purpose, the profile of the cleaved bars from section 5.4.1 were 

imaged by SEM, in Figure 5.19(a), and AFM, in Figure 5.19(b), showing that the mechanical 

cleaving leads to tilted faceting due to the stress relaxation of the AlGaN/GaN heterostructure. The 

root mean square (rsm) roughness of the facet at the level of the heterostructure is in the order of 

20 nm, while the rms roughness of the facet generated at the level of the GaN substrate is in the 

order of 0.4 nm. 

 
Figure 5.19. (a) SEM and (b) AFM images of the m facet of sample E4025 laser cavity after mechanical 

cleaving. 

Top-view SEM images of the etched facet (see Figure 5.20(a)) and the cleaved facet (see Figure 

5.20(b)) of E4025 provide further evidence of the higher quality of the etching process, with 

straight facet, in comparison with the mechanically cleaved facet, whose irregularities are clearly 

visible at the scale of the image. Lasing was demonstrated in cleaved laser bars above, but the 

enhanced roughness at the heterostructure can surely produce significant light scattering when 

operating at short wavelengths, leading to important optical losses due to the mirror quality. 

 
Figure 5.20. Top-view SEM images of (a) an etched facet and (b) a mechanically cleaved facet of an E4025 

laser cavity. The scale is the same in both images. 

PL measurements were performed with the etched cavities in order to compare them with the 

results obtained with mechanically cleaved cavities. Figure 5.21 show the PL spectra for a 0.3 mm-
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long mesa cavity with etched facets and 1 mm-long cavities with cleaved facets for sample E3997 

and E4025. Figure 5.21(e) presents the PL intensity as a function of the excitation power density 

for sample E3997, showing a superlinear dependence for pumping power densities higher than 

the lasing threshold, which is 200 kW/cm2 for the etched cavity (L = 0.3 mm) and 210 kW/cm2 for 

the cleaved cavity (L = 1 mm). Figure 5.21(f) presents the same measurement for sample E4025, 

showing also a superlinear dependence above the lasing threshold, which is 100 kW/cm2 for the 

etched cavity (L = 0.3 mm) and 180 kW/cm2 for the cleaved cavity (L = 1 mm). In both cases, the 

etched facets cavities present lower threshold than the cleaved facet cavities, in spite of the 

shorter cavity length, which accentuates the optical mirror losses, by approximately halving the 

lasing threshold that would be obtained by the cleaved tendency. 

    

Figure 5.21. PL spectra as a function of the pumping power density: (a) E3997 with etched facets and a cavity 

length L = 0.3 mm; (b) E3997 with mechanically cleaved facets and L = 1 mm; (c) E4025 with etched facets and 

a cavity length L = 0.3 mm; (d) E4025 with mechanically cleaved facets and L = 1 mm. (e-f) Variation of the PL 

intensity as a function of the pumping power density for cavities with etched facets (L = 0.3 mm) and 

mechanically cleaved (L = 1mm) for samples (e) E3997 and (f) E4025. The dashed line shows the slope of a 

linear trend. 

To get a deeper insight on the improvement of the optical performance using etched facets, 

Figure 5.22 summarizes the evolution of the lasing threshold as a function of the cavity length, as 
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presented in Figure 5.12, but with the addition of the etched facets cavity of 0.3 mm length (solid 

symbols in the graph). As seen before, the data follows the tendency 1/L described by equation 

(5.1) (dashed-lines in the graph), indicating that the cavity losses are dominated by mirror losses. 

The etched cavities, with a length of 0.3 mm, are significantly shifted with respect to that trend, 

showing a much lower lasing threshold than cleaved cavities. As the internal losses are expected 

to be the same in both cleaved and etched cavities, coming from the same sample wafer, the 

different lasing threshold is due to the improved reflectivity of the mirrors in etched cavities. 

 
Figure 5.22. Power density threshold as a function of the cavity length for E3977 and E4025, including 

mechanically cleaved (hollow symbols) and etched (solid symbols) samples. Dashed lines illustrate the trend 

given by equation (5.1). 

The stimulated emission of the heterostructures develops on the fundamental mode of the 

waveguide formed by AlGaN layers due to amplification in quantum wells, which is due to the 

effective absorption of the higher-order modes in the GaN substrate material. Therefore, in the 

first approximation, the reflection coefficient can be estimated as the reflection coefficient of a 

plane wave incident perpendicularly on the plane of the Fabry-Perot resonator. Since the facets 

are non-coated, the maximum reflectivity (𝑅𝑚𝑎𝑥) achievable is determined by the contrast 

between the refractive index of the active media and the external media, as predicted by Fresnel 

equation: 

𝑅𝑚𝑎𝑥 = (
1 − (

𝑛2
𝑛1
)

1 + (
𝑛2
𝑛1
)
)

2

 (5.2) 

where n1 and n2 are the refractive indices of the inner and external media, respectively. In our 

case, taking the refractive index of GaN (nGaN = 2.6915) [254] and air (nair = 1) at the emission 

wavelength (λ = 355 nm) results in an ideal reflectivity for a perfect facet of 𝑅𝑚𝑎𝑥 = 21%. Assuming 

that the reflectivity of the etched facets is close to the ideal value, we can estimate the reflectivity 

of the mechanically cleaved mirrors using equation (5.1) to be 𝑅𝑐𝑙𝑒𝑎𝑣𝑒𝑑 ≈ 3.2%. This reflectivity 
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value is the maximum obtained from the cleaved facets, since it was extracted from the lowest 

lasing threshold for each cavity. Along the cleaved cavities, the lasing threshold varies typically by 

± 13%, which is explained by the inhomogeneity of the facet roughness. Therefore, the value of 

𝑅𝑐𝑙𝑒𝑎𝑣𝑒𝑑 ≈ 3.2% must be understood as an upper limit of the reflectivity of the cleaved mirrors. 

In summary, we can conclude that in these strongly strained heterostructures, cleavage causes 

surface roughness due to stress relaxation that translates in boundary imperfections for the 

optical cavity. Therefore, the implementation of a two-step etching process for the fabrication of 

the laser mirrors has proved to be beneficial for the laser performance. 

 

5.5 Design of a distributed Bragg reflector (DBR) coating 

5.5.1 Modelling the DBR 

Lasing threshold is directly related to the laser cavity optical losses, including internal losses 

(intrinsic to the heterostructure material and crystal quality) and mirror losses (directly related 

to the cavity mirror reflectivity). A considerable improvement of the facet reflectivity should 

decrease the lasing threshold. As we have seen in the previous section, the maximum reflectivity 

of the facets comes defined by the refractive index contrast between the two sides of an interface. 

The laser cavity facets presented in this chapter resort to the refractive index contrast between 

the GaN QWs and the external media (air) to provide optical feedback, which according to 

equation (5.2), provides a maximum reflectivity of 21%. The achievement of quasi-ideal facets by 

two-step etching process brings the reflectivity of the cavity mirrors close to this maximum value. 

However, from 21% to a perfect reflectivity there is still room to improve. In order to raise the 

reflectivity to further extends, it is possible to add coatings to the facets such that there is an extra 

interface with strong refractive index variation to reflect the light. Here, we consider the 

possibility of incorporating a distributed Bragg reflector (DBR), which consists of a multilayered 

stack that alternates layers of high and low refractive indices, resulting in a periodic variation as 

depicted in Figure 5.23(a). At each interface, the light is partially reflected. For a given wavelength 

(𝜆0), there is a particular layer thickness (t) for which constructive interference occurs between 

reflections, given by the expression 

𝑡 =
𝜆0
4𝑛

 (5.3) 

where n is the refractive index of the layer. At this thickness, the structure behaves as a high 

quality reflector for the selected wavelength. 
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Figure 5.23. (a) Schematic description of a DBR with an alternation of layers with high refraction index (nH) 

and low refraction index (nL). (b) Calculated reflectivity of a general DBR structure. 

Figure 5.23(b) shows the typical spectral response of a DBR under normal incidence 

illumination. The peak reflectivity, 𝑅𝑚𝑎𝑥, is given by the following expression [255]: 

𝑅𝑚𝑎𝑥 = (
1− (

𝑛𝑡
𝑛𝑖
) (
𝑛1
𝑛2
)
2𝑁

1 + (
𝑛𝑡
𝑛𝑖
) (
𝑛1
𝑛2
)
2𝑁)

2

 (5.4) 

where 𝑛𝑡 and 𝑛𝑖 are the refractive indices of the transmitted and incident media, respectively; 𝑛1 

and 𝑛2 are the refractive indices of the first and second layer from the DBR (in the order of 

incidence of the light); and N is the number of repeated pairs of high and low refractive index 

layers. The reflectivity raises by incrementing the number of repetitions and the contrast between 

refractive indices. Peak reflectivities exceeding 99% can be achieved by this approach [256]. The 

high reflectivity window, ∆𝜆, also called stop band, can be calculated from 

∆𝜆 =
4

𝜋

(𝑛1 − 𝑛2)

(𝑛1 + 𝑛2)
𝜆0 (5.5) 

In our case, we target to fabricate a DBR resonant at the emission wavelength 𝜆0 = 355 nm, to 

be deposited on the cavity facet to reduce the optical losses related with the mirrors. The materials 

that constitute the DBR layers must be transparent in that spectral region. We chose to use silicon 

oxide (SiO2) as low index material and tantalum peroxide (Ta2O5) as high index material [257]. 

The refractive index of SiO2 and Ta2O5 were available from ellipsometry measurements from 

reference [257]. With this information, we can calculate the corresponding layer thickness to 

obtain quarter-wavelength mirrors. The data is summarized in Figure 5.24. According to these 

calculations, to obtain maximum reflectivity at a wavelength of 355 nm, the nominal thicknesses 

of the DBR layers must be 60 nm for the SiO2 and 38 nm for the Ta2O5. 
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Figure 5.24. Refractive index (blue) and corresponding layer thickness to obtain maximum reflectivity (green) 

as a function of wavelength for (a) SiO2 and (b) Ta2O5. 

The last parameter to choose when designing the DBR mirrors is the number of SiO2/Ta2O5 

pairs to be deposited. As stated above, a larger number of repetitions would considerably increase 

the reflectivity of the facets, however, it can be detrimental for the quality of the deposited layers. 

In fact, thick deposits could lead to deposition on the top of the laser structure and fracture of the 

mirrors. To optimize the number of pairs to deposit, we calculate the maximum reflectivity as a 

function of N using equation (5.4). The dependence of the maximum reflectivity as a function of 

the number of pair repetitions N is illustrated in Figure 5.25(a). In our system, we are considering 

the GaN QWs as the incident media through where the light travels to hit the DBR (𝑛𝑖 = 𝑛𝐺𝑎𝑁 = 

2.5417) [258], being the air the transmitted media (𝑛𝑡 = 𝑛𝑎𝑖𝑟  = 1). For the DBR layers, we 

considered two options: the dark blue curve represents a DBR system that has Ta2O5 as the first 

layer of the stack (𝑛1 = 𝑛𝑇𝑎2𝑂5 = 2.3381), while the bright blue line corresponds to a DBR system 

that starts with a SiO2 layer (𝑛1 = 𝑛𝑆𝑖𝑂2 = 1.4848). Note that the refractive indices correspond to 

a wavelength of 355 nm. As expected, the DBR system with SiO2 as first layer offers better 

reflectivity capabilities due to the larger contrast of refractive indices with respect to the GaN. We 

can also observe how when the number of pair repetitions is high enough, the reflectivity tends 

to 100% in both cases. For our case, we chose to go for the Ta2O5/SiO2 system with N = 5, which 

offers a reflectivity >95%, while keeping a compromise with the thickness of the mirror. To 

reinforce our choice for N, we also performed calculations of the spectral reflectance with a 

MATLAB implementation of the transfer matrix method [259] (original code written by Bruno 

Gayral, CEA/PHELIQS). Figure 5.25(b) shows the spectral reflectance expected in our system for 

N = 4, 5 and 6. The results show that the stopband is compatible with the spectral range of our 

samples (350-365 nm) and a maximum reflectivity of 98%. 
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Figure 5.25. (a) Maximum reflectivity as a function of the N pair repetitions. Dark line represents a DBR where 

the first layer is Ta2O5, while bright line represents a DBR with SiO2 as first layer. (b) Spectral reflectance of the 

DBR mirror on sapphire for different number of pairs. 

5.5.2 Testing the DBR on sapphire 

To calibrate the deposition of our mirrors, we use first a sapphire substrate as reference 

sample (𝑛𝑠𝑎𝑝𝑝ℎ𝑖𝑟𝑒 = 1.7959) [260]. The multilayered stack was deposited by electron beam 

evaporation at 150°C manipulated by Eric Delamadeleine (CEA/PHELIQS) with the technique 

described by Amargianitakis et al. [257]. Figure 5.26(a) shows a SEM view of the DBR cross 

section, where we can distinguish the different layers. Figure 5.26(b) shows an AFM measurement 

of the DBR surface. The topography presents a grainy surface, which is characteristic of sputtered 

materials. The rms roughness is about 0.7 nm, confirming the good quality of the deposition. 

 
Figure 5.26. (a) SEM image of the DBR cross section. (b) AFM image of the DBR surface. 

In order to estimate the reflectivity of the deposited mirrors, we measured the reflectivity of 

the reference sample. Figure 5.27 describes the experimental setup: a Xe lamp is coupled to a 

Gemini 180 monochromator, which can select specific wavelengths from the broad lamp 

spectrum. The light is pulsed using an optical chopper. A convergent lens is used to obtain a 

parallel light beam that will be reflected on an aluminum mirror and imping the sample surface 

with almost normal incidence. A UV-enhanced high-speed silicon photodetector will collect the 

light reflected by the DBR sample surface. The electrical signal of the detector feeds a SR830DSP 
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lock-in current amplifier, which uses the chopper signal as a reference for synchronous detection. 

The spectral reflectivity is calculated as 

𝑅(𝜆) =
𝐼𝑟(𝜆)

𝐼𝑖(𝜆)
 (5.6) 

where 𝐼𝑟(𝜆) is the spectral intensity of the light reflected by the sample surface and 𝐼𝑖(𝜆) is the 

spectral intensity that impinges the sample, which we measure by placing the silicon detector in 

the sample place. 

 

Figure 5.27. Set-up for reflectivity measurements. 

Figure 5.28 presents the reflectivity measurements, compared with theoretical calculations. 

The DBR reflectivity is higher than 90% from 340 to 425 nm, including our targeted wavelength 

of 355 nm in the optical stopband. However, we observe a red shift of the experimental refeltion 

band compared with the calculation. The spectral location of the band corresponds to a DBR with 

layers 8% thicker than the nominal structure. The deviation of thickness is consistent with the 

SEM image in Figure 5.26(a): the total DBR thickness is 536 nm thick instead of the nominal 490 

nm. 

 
Figure 5.28. Reflectivity measurement of a DBR with N = 5 repetitions of SiO2/Ta2O5 (60 nm / 38 nm), 

deposited on sapphire. The dotted line represents a theoretical calculation with the nominal thicknesses, while 

the dashed line represents a theoretical calculation with an increment of 8% in the layer thicknesses. 
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5.5.3 Implementing the DBR on cleaved laser bars 

The tested mirrors were also deposited on the rear facet of a 1.5-mm-long mechanically 

cleaved laser bar from sample E4019 (duplicate of sample E3997). To restrict the deposition to 

the facet, the top of the laser bar was protected with kapton tape. The laser bar was glued on a 

sample holder so that the deposition impinged perpendicular to the facet. The PL spectra of the 

laser bar at room temperature are presented in Figure 5.29(a) before the DBR deposition 

(recorded with a 600 groves/mm grating) and in Figure 5.29(b) after the DBR deposition 

(recorded with a 1800 groves/mm grating). The PL spectra with DBR is recorded with a higher 

resolution grating, which allows resolving different lasing modes that are excited. We can observe 

oscillations in the peak due to the interference between reflections. However, when we compare 

the lasing thresholds, we do not find any improvement with the incorporation of the DBR mirrors. 

In fact, the threshold is even degraded, increasing from 248 kW/cm2 without DBR to 308 kW/cm2 

with DBR.  

 
Figure 5.29. Room temperature PL spectra a 1.5-mm-long E4019 laser cavity (a) before and (b) after DBR 

deposition. 

To understand this result, we observed the edge of the cleaved laser bar with the deposited 

mirror in the SEM. The images in Figure 5.30 reveal that the deposition does not reach the edge of 

the sample, where the MQW layers are located. The deposition seems quite homogeneous along 

the facet, but the edges are irregular and leave about 2 µm uncoated, which explains that the lasing 

threshold does not improve. Therefore, the deposition process must be improved, and it must also 

be adapted to render it compatible with mesa structures. 
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Figure 5.30. SEM images of a cleaved laser bar (sample E4019) after deposition of the DBR. Images (a) and 

(b) show the topmost area of the laser bar, containing the MQW epitaxial layers. Image (c) shows the bottom 

part of the laser bar, corresponding to the substrate. Black arrows on top of the images mark the location of 

the surface. White arrows indicate the growth direction. 

 

5.6 Conclusions 

In this chapter, I have presented the demonstration of stimulated emission in mechanically 

cleaved laser bars, under optical pumping. The lasing threshold was lower in samples with graded 

layers compared to the SCH with abrupt interfaces, due to the enhanced carrier collection. The 

lasing threshold was 210 kW/cm2 for the SCH E3997 and 180 kW/cm2 for the GRINSCH E4025 

and the a-GRINSCH E4044. We estimate the lasing threshold under electron beam pumping to be 

 2.4 times larger than the optical threshold, although this value could be overestimated since 

optical pumping does not show all the potential of electron beam pumped lasers. Unfortunately, 

the first tests under electron beam pumping in the CL set-up demonstrated that the current 

conditions of the measurement system are still far from the estimated lasing threshold range. 

However, the presence of amplified spontaneous emission even for low pumping powers is 

promising towards the achievement of lasing with this technology. 

An interesting feature revealed during the stimulated emission measurements is the 

decorrelation between the IQE and the lasing threshold.  At room temperature, carrier localization 

in the quantum wells leads to an enhancement of the radiative efficiency. However, our results 

show that the lasing threshold is more sensitive to the injection efficiency than to the radiative 

efficiency. Therefore, designs including graded alloys result in a reduction of the lasing threshold, 

in spite of their lower internal quantum efficiency. 

Mechanically cleaved cavities present a 1/L dependence of the lasing threshold with the cavity 

length, pointing to a dominance of optical losses related to the mirror quality. In fact, mechanically 

cleaved facets present high surface roughness due to the stress relaxation in strained 

heterostructures. In order to obtain smooth and vertical facets, we have developed a two-step 
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process combining ICP-RIE and KOH-based crystallographic-selective wet etching. Optical 

measurements confirm that the optical losses derived from the mirror quality are significantly 

reduced by using the two-step etching process, leading to a reduction of the lasing threshold by 

almost half in comparison with structures with cleaved facets. We have demonstrated mesa 

cavities with an optical threshold of 100 kW/cm2, thus we estimate an electron beam threshold in 

the order of 240 kW/cm2 at room temperature. As a reference, this is the value of lasing threshold 

reported by Meijo University during the first demonstration of lasing under electron beam 

pumping with an In-free AlGaN heterostructure at 107 K [51]. Here, we are estimating the 

threshold at room temperature. 

Finally, the possibility to deposit a DBR mirror in the rear facet of the cavities has been 

explored. The reflectivity achievable by the DBR mirror can exceed the 95% at λ = 355 nm. 

However, in spite of our promising preliminary results testing the mirror on a reference sample, 

the deposition process gave rise to experimental difficulties that prevented us from properly 

implementing the DBR in the laser samples.  
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Chapter 6  
Towards e-beam pumped UV-C lasers 
 

This chapter is a starting point towards the achievement of electron beam pumped UV-C lasers based on 

AlGaN nanostructures, to serve as a base for future progress in this field. Here, I introduce a design targeting 

emission at 280 nm, and some preliminary results of all-AlGaN separate confinement heterostructures 

grown on AlN-on-sapphire templates and free-standing AlN substrates.  

 

6.1 Targeting emission at 280 nm 

The previous chapters were focused on electron beam pumped AlGaN/GaN lasers emitting in 

the UV-A range, with important applications in UV curing, UV lithography, and UV sensing [261]. 

For achieving emission wavelengths of around 360 nm, the laser structure can be grown on bulk 

GaN, and have an active region consisting of GaN QWs. Moving towards the UV-C range unlocks a 

whole set of interesting applications in the domain of sterilization/disinfection [262,263] and 

medical treatments [261]. In order to achieve emission at shorter wavelengths, we must rely on 

AlxGa1-xN/AlyGa1-yN heterostructures with a high Al content for both the QWs and barriers. 

However, growing ternary AlGaN with a high Al concentration is more challenging than growing 

binary compounds such as GaN and AlN, or low Al content AlGaN [264]. Also, to prevent severe 

cracking, the structures must be grown on bulk AlN substrates. In this section, I present some 

preliminary results on the growth of AlGaN-based laser active regions designed to work under 

electron beam pumping at 280 nm. This study includes the design and modeling, and first 

experimental results. 

Figure 6.1 presents the heterostructure design targeting emission at 280 nm. A graded BOC 

acts as buffer layer between the AlN substrate and the active region. This graded layer should help 

to accommodate the lattice mismatch between layers with different Al content, to reduce the 

density of misfit defects and prevent surface roughening during the growth. A BIC layer of 

Al0.7Ga0.3N precedes the MQW composed by ten repetitions of Al0.4Ga0.6N/Al0.7Ga0.3N. On top, a TIC 

graded layer softens the transition between the last barrier and the TOC layer of Al0.8Ga0.2N. 
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Figure 6.1. Schematic view of the design. 

Table 6.1. Description of the designs in terms of thickness and Al 
content on the layers, following the general design in Figure 6.1. 

 v5 

TOC 39 nm Al0.8Ga0.2N 

TIC 
30 nm gradient 

Al0.7Ga0.3N → Al0.8Ga0.2N 

MQW 
10(1.5 nm Al0.4Ga0.6N/ 

11 nm Al0.7Ga0.3N) 

BIC 31 nm Al0.7Ga0.3N 

BOC 
110 nm gradient  
AlN → Al0.7Ga0.3N 

 

The design takes into account the considerations discussed in section 4.1. Thus, we tried to 

avoid potential barriers due to the polarization difference between the various layers, as 

illustrated in Figure 6.2, which compares a design with constant concentration in all layers, and 

the final design including graded layers. The strong difference in polarization between the AlN 

substrate and the Al0.7Ga0.3N BIC layer generates a huge potential barrier that can block the 

carriers when diffusing to the QWs. The graded BOC solves this issue while providing a buffer 

layer to the heterostructure to accommodate the lattice mismatch. Furthermore, since AlN has 

larger absorption bandgap than the QW emission wavelength, the optical mode should not be 

absorbed by the substrate, thus the BOC can be thinner than in the samples designed for UV-A 

emission. Finally, a smaller barrier appears at the MQW/TIC interface, which can also be 

smoothed out using a graded layer.  

 
Figure 6.2. Aluminium concentration along the growth direction and simulated conduction and valence band 

profile (CB and VB, respectively) for a design targeting emission at 280 nm (a) without and (b) with graded 

layers. Red marks aid to identify the main differences in the band profiles. 

COMSOL modelling was used to optimize the location of the QWs to maximize the optical 

confinement, as presented in Figure 6.3(a), attaining an OCF of 6.4% in the QWs (69.8% if the 

barriers are included in the calculation). Finally, Figure 6.3(b) shows the distribution of electrons 
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injected into the heterostructure at 8 kV. The thicknesses of the layers were chosen so that the 

maximum energy loss of the beam overlaps with the location of the active region, while preserving 

the optical confinement properties of the waveguide. Electron penetration depth is larger in AlN 

than in GaN, thus, the top cladding layers were thinner than those in previous designs. 

 

Figure 6.3. (a) Simulation of the first optical mode distribution and (b) simulation of the electron beam 

penetration for the design targeting 280 nm. 

  

6.2 Preliminary results: growth on single crystal AlN 

The above-mentioned design was synthesized by MBE on two different substrates, both cut in 

rectangular pieces of  1 cm  1.5 cm. Sample E4208 was grown on an AlN-on-sapphire template 

and sample E4211 was grown on an AlN(0001) bulk substrate. Before introducing the substrate 

in the MBE chamber, the surface was degreased with organic solvents, as described in section 

4.2.1. The growth conditions were the same for both epitaxial structures. The substrate 

temperature was TS = 700 °C, and the growth rate was 0.63 ML/s. As explained in section 3.1.5, 

the Al/N flux ratio is fixed to the targeted Al mole fraction, while the Ga flux is used in excess to 

obtain a self-surfactant effect. In order to remain in the group-III-rich regime but preventing Ga 

droplet accumulation, the Al and Ga fluxes were calibrated individually beforehand, and the 

evolution on the III/N ratio was monitored in real time by RHEED during the growth. 

The study of the UV-A samples (check section 5.3) revealed that in-plane carrier localization in 

the QWs is favorable for high radiative efficiency. A slightly rough well can promote carrier 

localization. Therefore, we slightly reduced the III/N ratio in the QWs to favor roughening. The 

possibility of synthesizing quantum dots (QDs) instead of QWs was also considered. However, for 
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lasing we aim to accumulate the maximum gain in a narrow spectral range. Incorporating QDs 

would spread the emission wavelength range due to the fluctuations in QDs size, thus increasing 

the lasing threshold. 

Figure 6.4 presents the XRD θ-2θ scan around the (0002) reflection of AlN for samples E4208 

and E4211, together with a theoretical calculation for the design in Table 6.1. From the 

comparison, we confirm that the experimental Al contents show a good agreement with the 

nominal values.  The Al0.7Ga0.3N reflection from the cladding layers is clearly visible, and overlaps 

with a broad peak that expands towards the reflection from bulk AlN. This broad reflection is 

attributed to the graded layers and the Al0.8Ga0.2N TOC. From the analysis of the satellite peak, we 

extract a period of 12.2 nm for E4208 and 11.6 nm for E4211 (note that the nominal period was 

12.5 nm). In general, the peaks from E4211 appear narrower than E4208, which could be 

associated to a better crystal quality thanks to the bulk AlN substrate. 

 
Figure 6.4. XRD θ-2θ scan around the (0002) reflection of AlN for samples E4208 (AlN-on-sapphire template) 

and E4211 (bulk AlN substrate). Labels identify the reflections originating from the AlN substrate, Al0.7Ga0.3N, 

graded layers, and MQW, with several satellites. Experimental results are compared with a theoretical 

calculation of the diffractogram for the design in Table 6.1. 

The photoluminescence of the as-grown samples was characterized at room temperature using 

a continuous-wave frequency-doubled solid-state laser (λ = 244 nm) with a pumping power of 

 500 µW. A spectrally sharp long-pass filter at 248 nm was used to prevent the laser from 

damaging the CCD camera. The results are presented in Figure 6.5. The main peaks are attributed 

to the emission from the MQW, located at 292 nm for E4208, and 286 nm for E4211. The spectral 

shift between both samples is due to the thinner MQW in E4211 compared to E4208. There is no 

significant variation in the FWHM. A small emission bump was observed at 260-270 nm, and it is 

attributed to recombination in the Al0.7Ga0.3N layers. Indeed, the location of the bump is the same 

as the peak emission from a 500-nm-thick Al0.7Ga0.3N layer (dashed line in the figure). 
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Figure 6.5. Normalized PL spectra for E4208 and E4211 under continuous wave excitation at λ = 244 nm in 

(a) linear and (b) semilogarithmic scale. The black arrow indicates the wavelength of the excitation laser. The 

dashed line corresponds to the PL spectra of a 500-nm-thick Al0.7Ga0.3N layer. 

The CL emission under different acceleration voltages was studied at room temperature. 

Figure 6.6 shows the CL normalized by the acceleration voltage and injection current for sample 

E4208 and E4211. The main peak in the range between 5-20 kV corresponds to the emission from 

the MQW (at 292 nm for E4208, and 286 nm for E4211), which demonstrates that there is a good 

collection towards the active region thanks to the graded layers. In sample E4208, for acceleration 

voltages between 8-14 kV, we observe the peak from the Al0.7Ga0.3N layers at 260 nm. However, 

its intensity is several times smaller than the emission from the MQW. This peak is not resolved 

in sample E4211. 

Figure 6.6(c) shows the maximum CL intensity of the MQW peak as a function of the 

acceleration voltage. Sample E4211 has an optimal operation voltage between 5-10 kV, while 

E4208 optimal conditions shift to voltages between 8-13 kV. In addition, at 5 kV the amount of 

carriers reaching the MQW in sample E4208 is almost zero, while for sample E4211 we collect 

MQW emission under the same conditions. Since both samples have identical top cladding layer 

compositions, and the location in depth of the MQW is the same, the discrepancy seems associated 

to surface recombination or, more probable, charging effects. Due to the insulating nature of the 

sample, the surface gets negatively charged, which acts as a repulsive potential for the incoming 

electrons. Thus, higher acceleration voltages are required to overcome this additional potential, 

which results in the shift observed in the figure. 
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Figure 6.6. CL spectra recorded at different acceleration voltages for (a) E4208, (b) E4211. The CL spectra are 

normalized by dividing by the acceleration voltage and injection current. (c) Maximum CL efficiency of the 

MQW peak as a function of the acceleration voltage. 

In view of the good carrier collection of the design, we fabricate a 1-mm-long laser bar with 

sample E4211 and we perform PL measurements exciting the cavity with a Nd:YAG (λ = 266 nm) 

laser stripe, as described in the set-up B from section 3.2.5. The edge PL emission as a function of 

the temperature is presented in Figure 6.7. For this measurement, we used the maximum pumping 

power achievable in our setup with the Nd:YAG laser ( 250 kW/cm2 at 266 nm). Despite that, the 

sample did not display lasing emission even at low temperature (6 K). Instead, a second peak was 

observed at longer wavelength ( 320 nm). This peak was completely unexpected, since none of 

the epitaxial layers should emit at such low energy. This peak has already been reported before in 

literature as an emission involving point defects from the AlN substrate [265]. This was confirmed 

by performing PL measurements on a piece of the bulk AlN wafer, which displayed emission in 

the same wavelength range (see dashed line in figure).  
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Figure 6.7. PL spectra for sample E4211 as a function of temperature at a pumping power of  250 kW/cm2 

(cavity length = 1mm). Dashed line is the surface PL emission of a bulk AlN substrate at room temperature. 

From these results, we extract some relevant information. The fabrication of high-quality AlN 

substrates is still under development, thus, the bulk AlN wafers that we can find in the market 

nowadays can present point defects absorbing in the UV-C, mostly due to C pollution [266]. This 

is critical for the performance of our AlGaN-based lasers. Our assumption that the AlN substrate 

is transparent to the light emitted by the QWs is no longer valid; therefore, the design of the optical 

waveguide must ensure that the optical mode does not leak into the AlN substrate, to prevent a 

negative impact on the lasing threshold. New AlN substrates with relatively low absorption 

coefficients have been demonstrated by compensating the C point defects with Si [267], although 

their prices are several times higher than the wafer used in this work. 

Another point to take into account is that the absorption of the Al0.7Ga0.3N barriers at 266 nm 

is relatively low. Therefore, the amount of carriers injected into the QWs by diffusion is drastically 

reduced. For this reason, investigations on optically pumped lasing should be performed using, 

for instance, a 193 nm ArF or 248 nm KrF excimer laser. This problem could also be circumvented 

under electron beam pumping.  

Finally, when working with AlGaN layers on AlN substrates, the strain in the sample becomes 

compressive, in contrast with the tensile strain when working with GaN substrates. Under 

compressive strain, the generation of the cracks is prevented (see section 4.2.2). However, let us 

remind here that these cracks did not result in any important degradation of the laser structure. 
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6.3 Conclusions 

This chapter is a starting point towards the development of AlGaN-based deep-UV lasers 

pumped by an electron beam. Here, we have applied the experience accumulated from previous 

experiments at 350-365 nm to perform our first steps towards devices with shorter emission 

wavelength. To do that, we need all-AlGaN separate confinement heterostructures with high Al 

content, grown on bulk AlN substrates. We propose a design targeting emission at λ = 280 nm, and 

incorporating graded layers for enhanced carrier collection. To enhance carrier localization in the 

QWs, we slightly reduced the III/N ratio during the growth. The change from tensile to 

compressive strain when changing from GaN to AlN substrate, resulted in the absence of cracks 

on the sample surface. 

The design shows indications of a good carrier collection towards the QWs, as it displays a 

single emission peak at 286 nm. However, we did not find any evidence of lasing in a 1-mm-long 

cleaved cavity. This is explained by the fact that the AlN substrate, which was assumed to be 

transparent in the MQW emission range, was in fact is absorbing due to point defects. Therefore, 

the optical waveguide must be redesigned to prevent the optical mode to reach the AlN substrate. 

Testing the lasing capabilities under a higher energy laser or electron beam pumped could lead to 

better results, since the laser used in our experiment was not fully absorbed by the barriers, thus, 

generating less carriers that could diffuse towards the wells.  

The work presented in this chapter intended to identify the most critical parameters to take 

into account in order to achieve electron-beam pumped deep-UV AlGaN lasers. New designs, 

following the advices extracted from our conclusions should lead to heterostructures with 

improved lasing threshold.
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Chapter 7  
Conclusion and perspectives 
 

 

7.1 Conclusions 

This work is a contribution to the development of an AlGaN-based electron beam pumped UV 

laser technology. For the fabrication of efficient devices, it is crucial to understand the 

mechanisms and parameters that govern their performance. With that purpose, we developed a 

series of AlGaN/GaN heterostructures with a MQW active area emitting at 365-350 nm and 

designed to operate at low acceleration voltages (≤ 10 kV). The research aimed to optimize the 

structures in terms of efficiency and lasing threshold. From these samples, we extracted the 

following conclusions. 

The design of electron beam pumped lasers requires taking into account optical and 

electrical considerations. The emission wavelength is controlled by tuning the GaN QWs thickness, 

and the optical confinement is fulfilled with a proper selection of thickness and Al composition in 

the cladding layers. The penetration depth of the electron beam into the structure must be 

considered to define the location of the active area. In our designs, the thickness of the top 

cladding layers was adjusted to operate with an acceleration voltage in the range of 7-10 kV. 

The implementation of a GRINSCH improved the collection of carriers towards the MQW 

when compared to a standard SCH. Further improvement was obtained with an asymmetric 

GRINSCH design. An added value for the GRINSCH was the smooth transition between ternary 

alloys in the compositionally graded layers, which favors the accommodation of misfit stress.  

Optical gain measurements under optical pumping were performed using the VSL method. 

The characterization was complex, since the optical excitation is restricted to the proximity of the 

surface, which means that only the topmost QWs could attain population inversion. In spite of 

these limitations, we found values of net gain comparable with the state of the art. We observed 

anomalous amplification in some areas of the sample due to optical feedback provided by 

reflections at cracks. These cracks appear due to plastic relaxation under tensile strain in AlGaN 

structures grown on GaN substrates. The cracks are not catastrophic for the laser performance, 

but they introduce an overestimation in gain measurements. 

 



7.1. Conclusions 

136 
 

Stimulated emission was demonstrated at room temperature under optical pumping in 

mechanically cleaved laser bars, with lasing thresholds in the range of 180-210 kW/cm2. We 

estimate the lasing threshold under electron beam pumping to be  2.4 times higher than the 

optical threshold, i.e. around 480 kW/cm2. Unfortunately, we did not attain lasing in our first tests 

under electron beam pumping, since the pumping system was still not able to deliver enough 

current to reach the estimated lasing threshold. Amplified stimulation emission was reported at 

low pumping powers, which encourages the possibility of lasing at higher powers. 

Despite the improved injection properties and crystal quality of the GRINSCH, the SCH sample 

displayed superior IQE values for spontaneous emission. This was attributed to alloy 

inhomogeneities and QW thickness fluctuations in the SCH, which favor in-plane carrier 

localization and reduce the non-radiative recombination probability. However, we observed that 

the lasing threshold in the graded designs was lower than the lasing threshold in the SCH, thanks 

to the improved carrier transport along the growth axis. This result reveals a decorrelation 

between the lasing threshold and the IQE. 

The lasing threshold in mechanically cleaved cavities presented a 1/L dependence with the 

cavity length, pointing to a huge influence of the mirror losses in our samples. Cleaved facets 

present high surface roughness due to the stress relaxation in these highly strained 

heterostructures. In order to reduce the mirror losses, we developed a two-step process 

combining ICP-RIE and KOH-based crystallographic-selective wet etching. The obtained smooth 

and vertical facets lowered the optical losses at the mirrors, reducing the threshold by half. We 

demonstrated an optical threshold of 100 kW/cm2 at room temperature in 0.3 mm long cavities. 

From this value, we estimate that our lasing threshold under electron beam pumping at room 

temperature should be in the same range than the electron beam pumping threshold reported at 

107 K during the first lasing demonstration of AlGaN heterostructures with this technology. 

Finally, the previous results were applied in the first attempt to develop an AlGaN 

heterostructure emitting at 280 nm designed to operate under electron beam pumping. The 

design took into account the asymmetric GRINSCH concept to improve the carrier collection. The 

heterostructure was grown by MBE on an AlN bulk substrate. The III/N ratio was slightly reduced 

in the MQW to promote a soft roughness that favors carrier localization and, consequently, 

improves the radiative efficiency. The sample displayed good carrier collection, with a dominant 

emission peak at 286 nm. However, no stimulated emission was detected due to optical 

absorption of the AlN substrate and reduced pumping efficiency due to the relatively low 

absorption in the barriers when pumping with a Nd-YAG laser. 
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7.2 Perspectives 

Electron beam pumped lasers are an interesting substitute for laser diodes in certain spectral 

windows, particularly in the UV range, with the capacity to deliver high power (up to  100 W). 

The results of this work contain promising elements for the development of an AlGaN-based 

electron beam pumped lasing technologies. The 0.3-mm-long GRINSCH sample with etched facets 

achieved an optical lasing threshold of 100 kW/cm2, which should lead to lasing under electron 

beam pumping with a threshold around 240 kW/cm2 at room temperature. As a reference to 

compare, the last reported threshold for electron beam pumped AlGaN/GaN heterostructure was 

230 kW/cm2 at 107 K [51]. In both cases, the facets were uncoated, which means that there is still 

room to improve those values by depositing for instance a DBR mirror in one of the facets, which 

would lower the optical mirror losses. Understanding the mechanisms behind an efficient carrier 

collection and recombination is crucial to optimize designs for low threshold devices. 

Deep-UV is the spectral range where electron beam pumped AlGaN lasers have more 

opportunities to shine and compete with conventional laser diodes and where most research 

efforts should be focused on. The challenges of growing high Al content AlGaN and the quality of 

the AlN substrates can be a limitation for fabrication high-quality heterostructures with low 

optical internal losses. However, the AlN wafers are continuously improving, so future structures 

can only become better. The recommendations that this work can propose for future studies, 

include: 

▪ Waveguide design: in view of the absorbing AlN substrates, it is important to design an 

optical waveguide that prevents that the optical mode reaches the substrate, always 

keeping the MQW at the optimum depth determined by the electron beam penetration. 

▪ GRINSCH implementation: graded layers towards the MQW have proven to be crucial 

to enhance the carrier collection and reduce the lasing threshold. In addition, the 

smooth chemical transition between layers can prevent defects derived from the lattice 

mismatch. 

▪ Favor carrier localization: adding some roughness to the QWs is beneficial to prevent 

non-radiative recombination and improve the radiative efficiency. This roughness 

must be moderate, to prevent scattering on the light that would increase the optical 

internal losses. 

▪ Mirror coating: a proper high-reflectivity mirror can be crucial to reduce the lasing 

threshold. 
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Challenges are not only related to the semiconductor active media, but also to the cathode 

specifications and design. Taking into account that the optimum acceleration voltage is around 8-

10 kV, a lasing threshold of 240 kW/cm2 would require a pumping current of 25-30 A/cm2. If we 

consider a cavity length of 0.3 mm, a round electron beam would require injection of around 

20 mA. One possibility is to work with smaller cavities ( 0.1 mm, which is realistic from the point 

of view of lithography) or focus the electron beam into a narrow line aligned with the resonator, 

which would reduce the required current to the range of 2-5 mA. This range of currents can be 

obtained with commercial pulsed thermionic cathodes.  

The final implementation of an actual laser device using our heterostructures as active region 

requires an additional set of considerations. Regarding thermal management, an analysis of the 

heat flow in the structure (including the laser, the sample holder and heatsink) was performed by 

Dr. Gilles Nogues using the COMSOL software, as illustrated in Figure 7.1. In summary, operation 

at an average power of 5 W can lead to a chip temperature of  120°C. The glue that links the chip 

and the Cu holder is the critical element. Therefore, the choice of glue is relevant, and a cooling 

system must be implemented in the sample holder. However, thermal issues should not impose a 

critical limitation to the device. The use of a Peltier or a ventilated sink can reduce the chip 

temperature significantly. 

 

Figure 7.1 (a) Schematic description of the modelled structure with the main parameters used as input. 

(b) Results of the simulation showing the temperature distribution in the structure. 

With this information, processed by Prof. Le Si Dang, the design service of Institut Néel has 

proposed a prototype whose drawings are presented in the Appendix. The laser prototype 

presents three input ports (for sample, cathode and pumping), a port for the laser output and a 

visualization port, perpendicular to the laser/pump axis. The sample holder can move in X + Y + 
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rotation. It can eventually incorporate a liquid cooling circuit. The design allow rapid exchange of 

samples. The cathode holder can move axially. The construction of such prototype is now under 

consideration. 

In a larger perspective, electron-beam pumping of AlGaN lasers can be considered as a 

promising alternative, particularly in the deep UV range, where AlGaN laser diodes still present 

carrier injection problems. The possibility to inject carriers directly into the active media, 

obviating the need of implementing contacts or inserting doped layers, is an interesting advantage 

that can simplify the hardest challenges in this field. The adjustment of the penetration depth 

through the acceleration voltage grants an additional degree of freedom for the design of the 

optical cavity. By improving the optical cavity, electron beam focusing and further miniaturization 

of the device components, electron beam pumped AlGaN lasers can lead to compact and efficient 

systems to overcome current limitations of laser diodes. 
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