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0. Introduction 

 

Over the past 25 years, semiconductors of the III-Nitride (III-N) family, namely gallium nitride 

(GaN), aluminum nitride (AlN), indium nitride (InN) and their associated alloys, have been arousing 

increasing interest at both academic and industrial levels, especially since the fabrication of the first 

III-N-based light-emitting diodes (LEDs) and laser diodes (LDs) in the 1990s [1-8]. In virtue of their 

direct bandgap and the wide range of emission wavelengths covered by the different nitride alloys, 

spanning from the near infrared (IR) to the deep ultraviolet (UV) over the whole visible spectrum, III-

N semiconductors have been thenceforth largely used for manufacturing optoelectronic devices such 

as blue/green/white LEDs and violet/blue/green LDs, particularly the 405 nm LDs used in the Blu-Ray 

technology [9]. In addition to their interesting optoelectronic properties, III-N materials exhibit great 

chemical stability, high electron mobilities, significant breakdown voltages, and good thermal 

conductivity, making them suitable for a broad range of devices operating at high temperature, high 

frequency and/or high power [10-13]. 

 

0.1 Brief history of III-Nitride semiconductor research: from prehistory to the 

recent interest for nanowires 

 

The first papers about III-N semiconductors date from the beginning of the 20
th
 century and report 

growth of polycrystalline AlN [14], GaN [15] and InN [16] in 1907, 1932 and 1938, respectively. Yet, 

the epitaxial growth of III-N two-dimensional (2D) layers was achieved no earlier than in the 1960s 

and 1970s. Indeed, GaN grown in epitaxy on sapphire was reported for the first time in 1969, using the 

hybrid vapor phase epitaxy (HVPE) technique [17], while growth of nitride epilayers by other 

methods such as metalorganic vapor phase epitaxy (MOVPE) or molecular beam epitaxy (MBE) was 

notified respectively in 1971 [18] and in 1975 [19]. The three latter techniques will be briefly 

presented in Subpart 1.3.1. GaN grown at that time exhibited poor crystal quality and high n-type 

conductivity, although it was not intentionally doped. Efforts aiming at enhancing its crystal quality 

and at smoothing layers finally led to the growth of the first high-crystalline quality GaN film in 1986, 

deposited on an AlN buffer layer [20]. Then, the first GaN p-doped layer was achieved in 1989 using 

magnesium (Mg) dopants [21]. The two latter breakthroughs paved the way for the achievements in 

III-N-based optoelectronics mentioned above. In acknowledgements of their pioneering and 

tremendous work in the latter field, Akasaki, Nakamura and Amano were awarded the 2014 Nobel 

Prize in physics.  
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Interestingly, during the crusade led in the 1980s and early 1990s to optimize GaN film growth 

conditions, GaN was noticed to grow as coalesced columnar crystals [22]. A few years later, in 1997-

1998, it was shown that GaN synthesized by MBE could nucleate as well-separated nanocolumns [23, 

24], under specific growth conditions (explicated further in Subpart 2.1.3.1): the first self-induced 

nitride nanowires (NWs) were born, starting within the III-N community a new research field whose 

interest mainly lies in:  

 The absence of extended crystallographic defects, such as dislocations (described in 

Subpart 1.3.2.2) or grain boundaries commonly observed in the 2D case, in these bottom-

up nanostructures [25], even when grown on highly mismatched substrates. This feature 

results from the high aspect ratio (length/diameter) of NWs allowing easy strain relaxation 

around their periphery and will be tackled in the following of the manuscript. 

 The relative versatility of the NW growth allowing one to tune, in some extent, their 

dimensions, density and structure, as detailed further in Subpart 2.1.3.1, and to overcome 

the fundamental limits of conventional top-down approaches such as lithography [26, 27]. 

 The more straightforward growth of heterostructures along non-polar directions, in order 

to cancel the quantum-confined Stark effect (QCSE) explained later in Subpart 1.2.3.2. 

Indeed, such growth remains challenging for 2D layers owing to the strong anisotropy of 

non-polar surface properties [28-30], resulting in higher density of threading dislocations 

and stacking faults (SFs) than 2D growth along polar direction [31] or NW radial growth 

on lateral facets [32, 33].  

Growth of NWs by other techniques which would allow large scale production, such as chemical 

vapor deposition (CVD) or vapor phase epitaxy (VPE), was also investigated and turned out to be 

more challenging. Catalyst-assisted approaches were firstly investigated in the early 2000s [34, 35] but 

the spatial orientation and/or epitaxial relation of columns with the substrate appeared difficult to 

control. Pre-patterned substrates were then used to improve the NW orientation [36, 37], which 

significantly complicates the overall procedure. Concomitantly, catalyst-induced NW growth got 

better mastered [38, 39]. Eventually, self-assembled well-oriented GaN NWs were successfully 

synthesized by MOVPE on a silicon nitride (SiNx) buffer layer pre-deposited in situ [40] or on bare 

sapphire [41]. Regarding the HVPE technique, growth of ultra-long GaN NWs, interesting for 

industrial purpose, was recently reported [42]. It must be noted that the use of catalyst in the 

elaboration of nanocolumns may result in the degradation of NW structural and optical properties, in 

view of studies performed on MBE samples [43]. Indeed, such NWs contained more basal-plane SFs 

and luminesced more weakly than catalyst-free NWs due to contamination from the metal seed [44].  

Regarding applications, III-N wires are considered as serious challengers of conventional 2D 

layers in order to push further the efficiency of devices or, at least, to reduce the production costs. In 
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optoelectronics, companies such as Aledia or Glō [45, 46] are aiming at manufacturing highly efficient 

and cheaper white LEDs, based on GaN wires grown on inexpensive silicon (Si) substrates. Moreover, 

the higher aspect ratio of NWs is expected to lead to reduction in device volumes, in other words 

decrease in the amount of deposited material, while preserving, or even increasing, efficiency. In this 

perspective, the growth of radial heterostructures on large NW lateral facets in order to suppress 

QCSE has been considered for devices. In particular, LEDs based on such structures have been 

already demonstrated, as reported for radial InGaN/GaN [47-49] quantum wells (QWs).  Other types 

of radial devices, like high electron mobility transistors (HEMT) and photovoltaic cells, were also 

elaborated, respectively using GaN/AlGaN/AlN [50] and InGaN/GaN [51-53] core-shell structures. 

 In virtue of their unique properties, nitride NWs opened new application fields that were hardly 

accessible to thin films. For instance, their dimensions make them the smallest dielectric objects 

permitting optical waveguiding [54, 55] or electrical contacting [56-58]. As another example, such 

NWs present, due to their anisotropic geometry, optical and electrical properties both depending on 

their orientation, which emphasizes their potential for polarization-dependent detectors [59]. In 

addition, in view of their high surface-to-volume ratio, III-N NWs exhibit enhanced interaction with 

the surrounding medium, making them particularly suitable not only for chemical [60-62] or biological 

[63, 64] nanosensing but also for chemicals generation, resulting for instance from water splitting [65, 

66]. Finally, given their interesting piezoelectric properties (see related coefficients defined in Subpart 

1.1.3), nitride NWs are promising for piezoelectric nanosensors [67] and nanogenerators [68]. 

 

0.2 Context and motivations of the present research 

 

My PhD work is focused on III-N semiconductors emitting in the UV over the 200-350 nm range, 

namely the AlGaN alloy. The latter material has great potential for solid-state UV-light-emitting 

devices, namely LEDs and lasers, intended for a broad range of applications in the UV-A (3D printing, 

UV curing), -B (plant growth lighting, dermatological phototherapy around 310 nm) and -C range 

(sterilization and water purification around 260 nm, sensing at lower wavelengths) [69], as depicted in 

Figure 0.2.1 (a). The development of such AlGaN-based devices as an alternative to sources currently 

available over the investigated emission range presents strong economic, environmental and societal 

interests. Indeed, most commercial UV sources are still gas-based (mercury lamps, deuterium lamps, 

excimer lasers, etc.), and therefore inefficient, environmentally harmful and difficult to transport [69, 

70], on the whole. 
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Figure 0.2.1: (a) Applications of UV-light emitting devices in the UV-A (400-320 nm), UV-B (320-280 nm) and UV-C 

range (280-200 nm). (b) External quantum efficiency (EQE) of 2D UV-LEDs as a function of emission wavelength 

(2016). Taken from [69]. 

 

During this PhD, Al(Ga)N was grown as NWs in order to attain higher material crystalline quality 

than for 2D layers, which results from the absence of extended defects such as dislocations or grain 

boundaries in these nanostructures [71, 72], as already mentioned in Subpart 0.1. Regarding 

applications, this enhancement should allow NW-based UV-LEDs to reach much higher efficiency 

than their 2D counterparts. So far, only low efficiencies have been reported for 2D structures, 

especially for short emission wavelengths [69, 73] as exhibited in Figure 0.2.1 (b). It must be noted 

that the use of NWs is expected to result in much lower efficiency improvement for LEDs emitting in 

the visible range, since conventional 2D LEDs made of InGaN/GaN heterostructures already exhibit 

very high efficiency, attributed to very marked carrier localization in the InGaN alloy [74], as well as 

to extremely efficient photon extraction designs. Indeed, internal quantum efficiencies (IQEs) above 

90% [69, 75] and external quantum efficiencies (EQEs) around 85% [76] were reported for such 

devices. 

High-efficiency UV-LEDs based on Al(Ga)N NWs were demonstrated recently, following two 

different approaches: p-i-n NW junctions [77-82] and polarization-induced doping in NW structures 

[83-87], both grown by MBE on top of self-induced and randomly organized GaN NW templates by 

MBE. Regarding the first approach, an IQE of about 80% was even reached for AlN NW-based LEDs 

emitting at 210 nm [78]. At higher emission wavelengths, droop-free LEDs with intrinsic active zones 

consisting of Ga-rich AlxGa1-xN/AlyGa1-yN quantum disks (QDisks) were recently reported [88]. 

Organized arrays of AlGaN p-i-n junctions were also achieved by selective area growth (SAG) of GaN 

NW templates [89]. As for the second approach, the desired polarization-induced doping type results 

from both compositional grading (Al-rich to Al-poor AlxGa1-xN or reverse) [90, 91] and NW polarity 
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[92]. It can be also complemented by the conventional and intentional introduction of dopant 

impurities [83, 93, 94]. For both types of structure, very thin tunnel junctions were also investigated 

and demonstrated to improve carrier injection within the active zone [95-97].  

In addition, AlGaN NW-based lasers, operating in the UV-B and -C range at both low and room 

temperatures, were reported [81, 82, 98-100]. In such devices, consisting in p-i-n NW junctions 

similar to those in LEDs mentioned above, lasing was demonstrated to result from two main features: 

first, the optical confinement along the vertical direction (𝑐-axis) due to the effective refractive index 

variation induced by the NW inverted tapered geometry; second, the optical micro- (µ-)/nano-cavities 

that are spontaneously formed by ensembles of self-organized NWs. Their formation probability can 

be maximized for specific fill factors, which depend on the average NW diameter and the NW density. 

The latter can be easily tuned through changes in growth kinetic parameters, which will be highlighted 

in Subpart 2.1.3.1.  

At last, for both LEDs and lasers based on Al-rich AlGaN or AlN NWs, light extraction issues, due to 

the switch of emitted light polarization that will be detailed further in Subpart 1.2.1.1, can be partially 

solved by optimizing the NW geometry [101], namely the NW dimensions, the NW spacing and the 

thickness of various NW sections within the structure. 

 

Although the brief overview of the III-N field, given in the previous subpart and the present one, 

emphasizes that a significant part of this research community is directing its efforts towards the 

development of devices, there is still a large interest, shared by several research groups like ours, in 

understanding the fundamental properties of nitride semiconductor materials. The latter approach is 

anyway required to completely control every step of the fabrication of devices. 

In the case of AlGaN NWs, the issue of alloy inhomogeneity at the nanoscale remains obscure. In 

order to make it clearer, the latter and associated carrier localization will be investigated, especially 

through optical characterization, in chapter 3. For our experiments, AlGaN NWs will be grown in 

various conditions in order to potentially tune the compositional fluctuations within the alloy and 

therefore probe, if possible, localization centers of different sizes and Al compositions. 

Concomitantly, doping in Al(Ga)N NWs, especially p-type, is far from being understood and 

controlled as well. In particular, the issue of dopant incorporation as well as optical and electrical 

activation in such NWs remains unclear. The latter will be examined in Al(Ga)N NW pn junctions in 

chapter 4. 
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0.3 Organization of the manuscript 

 

In the first chapter of this manuscript, we will introduce the basic properties of III-N materials 

needed for the understanding of the manuscript. More specifically, the structural and electronic 

properties of nitride semiconductors will be highlighted, before briefly describing the main techniques 

allowing their epitaxial growth. 

Then, in chapter 2, the numerous experimental methods used to grow and characterize our NW 

samples during this PhD will be presented more or less exhaustively. We will primarily detail the 

MBE growth technique, focusing on the specificities of the MBE machine and the growth of GaN and 

AlxGa1-xN NWs. Then, the structural and optical characterization techniques used in the present work 

will be described in order to fully understand the following pages. 

Next, in chapter 3, we will investigate fundamental properties of non-intentionally doped (NID) 

AlxGa1-xN NW sections grown in various conditions on top of GaN NW templates. After presenting 

the structural peculiarities of grown samples, their optical properties will be examined. We will 

especially scrutinize the carrier localization observed in very small volume of AlxGa1-xN material, 

namely single dispersed NWs.  

Finally, in chapter 4, doping in AlxGa1-xN NW sections, still grown on top of GaN NW templates, 

will be explored. In particular, AlxGa1-xN pn junctions will be investigated in order to evidence 

peculiar structural, optical and electrical signatures resulting from n- and p-doping. Concomitantly, 

AlN samples will be also studied. 

In addition, two annexes are appended to this manuscript: Annex 1 provides general notions about 

crystallography in hexagonal structures, whereas Annex 2 presents extra resonant X-ray diffraction 

(XRD) experiments and related results. 

 

0.4 Collaborations 

 

Before ending this introduction, it must be emphasized that the results presented hereafter are the 

fruit of several collaborations, both internal to the “Nanophysics and semiconductors” (NPSC) group 

within the “Institut nanoscience et cryogénie” (INAC) and external to the laboratory. The collaborators 

who contributed the most directly to the achievement of this manuscript are named below. 

MBE growth was performed under the supervision of my PhD advisor Bruno Daudin (NPSC) and 

in collaboration with current and former PhD students from the group. 
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Photoluminescence (PL) results were mostly obtained under the supervision of my PhD co-advisor 

Bruno Gayral (NPSC). A few time-resolved PL (TRPL) experiments were also performed at Charles 

Coulomb laboratory in Montpellier, in collaboration with Pierre Valvin, Thierry Guillet, Christelle 

Brimont and Pierre Lefebvre. 

Nano-cathodoluminescence (nanoCL) investigations were performed by Mathieu Kociak and Luiz 

Tizei from “Laboratoire de physique des solides” (LPS), Orsay. 

Raman and Kelvin probe force microcopy (KPFM) analysis were carried out in collaboration with 

Ana Cros’ group, from the Institute of material science, University of Valencia, Spain. 

Resonant XRD characterizations were achieved under the supervision of Hubert Renevier from 

the “Laboratoire des Matériaux et du Génie Physique” (LMGP) of Grenoble. 

A few electron microscopy observations were carried out in collaboration with Lynda Amichi and 

Catherine Bougerol (NPSC).  
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1. Properties and growth of standard III-Nitride semiconductors 

 

1.0 Introduction 

 

This first chapter intends to give an overview of the basic properties of III-N semiconductors, 

only focusing on the GaN, AlN and InN binaries, especially GaN and AlN, as well as their associated 

ternary alloys. Its aim is not to be exhaustive but to give the most relevant notions for the 

comprehension of the manuscript. First, the structural properties of nitrides will be presented. Second, 

our focus will turn toward the electronic properties of nitrides. Last, we will briefly describe the main 

techniques allowing the epitaxial growth of III-N semiconductors. 

 

1.1 Structural properties of III-Nitride semiconductors 

 

The objective of the following subparts is to get acquainted with the basic structural properties of 

III-N materials at the center of this work. We will first describe the crystal structure of the most 

common crystal phases of nitrides (wurtzite and zinc-blende). Then, the notion of polarity in wurtzite 

crystals will be defined. Finally, the peculiarities of polarization in wurtzite nitrides will be introduced. 

 

1.1.1  Crystal structures of nitride materials 

 

The nitride semiconductor family (InN, GaN, AlN, as well as their ternary and quaternary alloys) 

can crystallize in three different arrangements: the wurtzite (WZ) (𝛼-phase), the zinc-blende (ZB) (𝛽-

phase) and the rock salt (𝛾-phase). Given that the rock salt structure can only be obtained under 

extreme conditions incompatible with epitaxial growth, such as very high pressures [13, 102], we will 

no longer consider this phase in the following of the manuscript. The two other phases, WZ and ZB, 

are described hereafter. A few properties will be also provided for materials related to the substrates 

we mainly used during this PhD: Si and silicon nitride (Si3N4). Si3N4 (𝛽-phase, hexagonal) is obtained 

when nitriding the Si wafers before growing III-N materials.  

The WZ and ZB structures for III-N semiconductors are presented in Figure 1.1.1.1, whereas the 

related unit cells are given in Figure 1.1.1.2. The diamond structure for Si is also provided in Figure 

A.1.3.1 of Annex 1.3.  
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Figure 1.1.1.1: Sketch for: (a) the ideal wurtzite (WZ) and (b) the ideal zinc-blende (ZB) structures of III-N 

semiconductors. Adapted from [103]. 

 

 

Figure 1.1.1.2: Sketch of the ideal unit cell of (a) the WZ structure and (b) the ZB structure, for nitrides. The basal 

vectors are also given for the WZ unit cell. 

The WZ structure belongs to the space group P63mc and is composed of two interpenetrating 

hexagonal close-packed sublattices, formed by the metallic and the N atoms respectively and ideally 
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shifted by 𝑢 =
3

8
𝑐 in the [0001] direction (see Annex 1.1 for the four index notation description). 

Thus, each atom is tetrahedrically coordinated with bond lengths equal to 
3

8
𝑐. In other words, each 

group-III element (respectively N atoms) is bonded to four N atoms (respectively four group-III 

elements). In practice, for nitride semiconductors, the WZ cell is not perfect and the 𝑐/𝑎 ratio slightly 

differs from the ideal case (𝑐/𝑎 = 1.633). Consequently, the tetrahedra formed by the atoms are 

deformed (either stretched or compressed) in the [0001] direction. Lattice parameters 𝑎 and 𝑐, 𝑢  as 

well as the effective 𝑐/𝑎 ratio of WZ nitride binaries, Si and Si3N4 are given in Table 1.1.1.1, listing 

other properties as well and described in the following. 

 

 AlN GaN InN Si Si3N4 

Hexagonal - a 3.112 Å 3.189 Å 3.548 Å  7.595 Å 

Hexagonal - c 4.982 Å 5.185 Å 5.760 Å  ~3 Å 

Hexagonal - c/a 1.601 1.626 1.609   

Hexagonal (WZ) - u 1.903 Å 1.955 Å 2.171 Å   

Diamond - a    5.43088 Å  

Thermodynamic energy difference 

between WZ and ZB (meV.at
-1

) 

18.4 9.9 11.4   

 

Table 1.1.1.1: Main lattice parameters and ratios (values at 300 K) for the nitride binaries, Si and Si3N4. Values taken 

from [104, 105]. 

The primitive unit cell (see Figure 1.1.1.2) of WZ nitrides contains 4 atoms: 2 metallic ones (gallium 

(Ga), aluminum (Al), or indium (In)) and 2 nitrogen (N) ones. The coordinates of these atoms are: 

 𝑀𝑒𝑡𝑎𝑙1 = 0𝑎⃗1 + 0𝑎⃗2 + 0𝑐 

𝑀𝑒𝑡𝑎𝑙2 =
2

3
𝑎⃗1 +

1

3
𝑎⃗2 +

1

2
𝑐 

𝑁1 = 0𝑎⃗1 + 0𝑎⃗2 + 𝑢𝑐 

𝑁2 =
2

3
𝑎⃗1 +

1

3
𝑎⃗2 + (

1

2
+ 𝑢)𝑐 

 

 

(1.1.1.1) 

where 𝑎⃗1, 𝑎⃗2 and 𝑐 are the basal vectors of the hexagonal cell displayed in Figure 1.1.1.2 and more 

detailed in Annex 1.1. 

The ZB phase is constituted of two face centered cubic lattice shifted of 
1

4
√3𝑎 in the [111] 

direction (see Figure 1.1.1.2). In this case, each atom is tetrahedrically coordinated as well but the 

corresponding plane sequences along the [111] direction is ABCABC (see Figure 1.1.1.3) where the C 
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plane is rotated by 60° compared to A. In other words, ZB [111] direction resembles WZ [0001] 

direction except for the 60° rotation in its tetrahedra. 

 

Figure 1.1.1.3: Sketch of (a) WZ and (b) ZB stacking sequences for III-N semiconductors. 

 

The WZ phase was shown to be more thermodynamically stable than the ZB phase, although the 

gain in energy per atom of the WZ phase in comparison with the ZB one is not so large (see Table 

1.1.1.1) [106]. Consequently, it is possible to grow ZB nitrides either by using cubic substrates [107, 

108] or by introduction of SFs inside a WZ section [109]. In this work, the used substrates (mostly Si 

(111)) and growth conditions were such that we were not confronted to the ZB phase, but only to WZ. 

Therefore, we will not focus much on the ZB phase in the following of the manuscript. In the NW 

case, growth on two types of surface can occur: c-planes and m-planes, which respectively constitute 

the apex and the sidewalls of the NWs. Such planes are more described in Annex 1.1. It is worth 

noting that these two types of planes do not have the same atomic surface density, whatever the nitride 

binaries (see Table 1.1.1.2). This difference of atomic surface density leads to different growth rates: 

in the same growth conditions, the m-plane/c-plane growth rate ratios can be directly derived from the 

ratios of atomic surface densities given in Table 1.1.1.2 and are respectively about 0.924, 0.939 and 

0.937 for AlN, GaN and InN. 

 AlN GaN InN Si Si3N4 

c-plane (0001) – N  5.962 5.677 4.586 - 4.004 

c-plane (0001) – metal 5.962 5.677 4.586 3.915 3.003 

m-plane (11̅00) – N  6.450 6.048 4.893 - - 

m-plane (11̅00) – metal  6.450 6.048 4.893 - - 

 

Table 1.1.1.2: Surface atomic densities (in a single monolayer, units: 1014 atoms.cm-2) for the nitride binaries, Si and 

Si3N4. These densities are given for metallic and N species, as well as for c- and m- planes. Values deduced from [105]. 
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1.1.2 Polarity in wurtzite nitrides 

 

The absence of center of symmetry in the WZ structure (see Figure 1.1.1.1) implies that the 

[0001] and the [0001̅] directions are not equivalent. In order to distinguish them, we usually consider 

the direction of the metal-N bond that is collinear to the 𝑐-axis of the WZ cell. The vector going from 

the metallic atom and pointing towards N conventionally defines [0001], the positive direction of the 

𝑐-axis (Figure 1.1.2.1). A structure is said to be metal-polar when its growth direction is [0001]. 

Reciprocally, a structure is said to be N-polar when its growth direction is [0001̅].  

The knowledge and control of the polarity of a given structure is not to be neglected, as polarity 

has several consequences on growth (incorporation rate of extra atoms for doping and alloying [110], 

incorporation of defects [111-113], adatom mobility [114]) and band engineering [92, 115, 116]. Its 

determination is not trivial, especially for small objects such as nitride NWs. To do so, various 

techniques exist, such as anomalous XRD [117, 118], KOH selective etching [117], KPFM [119], 

Convergent Beam Electron Diffraction (CBED) [120], Low Energy Electron Diffraction (LEED) 

[121], Electron Energy Loss Spectroscopy (EELS) [122] or X-ray Photo-electron Diffraction (XPD) 

[123]. All these techniques were reported to allow the successful determination of the polarity of 

single or ensembles of GaN NWs. A few of them were used in the context of this PhD work to 

determine either polarity or for other purposes, and will be detailed in the following of the manuscript.  

 

Figure 1.1.2.1: (a) Metal-polar and (c) N-polar directions in the nitride WZ cell. When the growth direction is along 

the [𝟎𝟎𝟎𝟏] direction, the structure is said to be metal-polar. Reciprocally, when the growth direction is along [𝟎𝟎𝟎𝟏̅], 

a structure is N-polar. Taken from [103] (b) Ga-polar and (d) N-polar stick-and-ball representations of WZ GaN. 

Sketches taken from [102]. 



 1.1 Structural properties of III-Nitride semiconductors 

 

 22 
 

1.1.3 Spontaneous and piezoelectric polarization in wurtzite nitrides 

 

In WZ nitrides, the difference of electronegativity between metallic and N atoms induces local 

spontaneous polarization vectors along each III-N bond. Due to the non-centrosymmetric character of 

the WZ cell, amplified by the 𝑐/𝑎 ratio deviation from its theoretical value, these polarization vectors 

do not compensate. Consequently, a residual total spontaneous polarization remains along the 𝑐-axis 

(also called polar direction) in the WZ cell. Values of this spontaneous polarization vector can be 

found in the literature [124, 125].  

Moreover, strain within the structure, inducing crystal deformation (changes in lattice parameters) 

and generally resulting from heteroepitaxial growth further described in Subpart 1.3, produces an 

additional piezoelectric polarization. Thus, in a given nitride material, the overall polarization, for 

which the related vector will be noted 𝑃⃗⃗, is given by both the spontaneous and the piezoelectric 

polarization. Depending on whether the material is stretched or compressed (tensile or compressive 

strain), the piezoelectric contribution to the overall polarization either adds to or subtracts from the 

spontaneous one. The three components 𝑃𝑖
𝑝𝑖𝑒𝑧𝑜

 of the piezoelectric polarization vector 𝑃⃗⃗𝑝𝑖𝑒𝑧𝑜, where 

𝑖 = {𝑥, 𝑦, 𝑧}, can be expressed as: 

  

𝑃𝑖
𝑝𝑖𝑒𝑧𝑜

=∑∑𝑒𝑖𝑗𝑘𝜖𝑗𝑘

3

𝑘=1

3

𝑗=1

 

 

(1.1.3.1) 

where 𝑒𝑖𝑗𝑘 are the 27 piezoelectric coefficients and 𝜖𝑗𝑘 is the strain tensor. Taking into account the WZ 

structure symmetry, Equation (1.1.3.1) can be reduced. Replacing the pairs of indices 𝑗𝑘 =

{𝑥𝑥, 𝑦𝑦, 𝑧𝑧, 𝑦𝑧, 𝑧𝑥, 𝑥𝑦} by the indices {1, 2, 3, 4, 5, 6}  here in order to lighten notations, we can rewrite 

Equation (1.1.3.1) as [126]: 

 

(

𝑃1
𝑝𝑖𝑒𝑧𝑜

𝑃2
𝑝𝑖𝑒𝑧𝑜

𝑃3
𝑝𝑖𝑒𝑧𝑜

) = (

0 0 0 0 𝑒15 0
0 0 0 𝑒15 0 0
𝑒13 𝑒31 𝑒33 0 0 0

)

(

  
 

𝜖1
𝜖2
𝜖3
𝜖4
𝜖5
𝜖6)

  
 

 

 

(1.1.3.2) 

Different values of the piezoelectric coefficient 𝑒𝑖𝑗 can be found in the literature [124, 127]. In spite of 

the disparities, all the reported values for nitrides are always about one order of magnitude larger than 

those for other families of III-V or II-VI semiconductors (except zinc oxide (ZnO)), which results 

from the more significant ionic character of III-N bonds discussed later in Subpart 1.2.1.1.  

We will see in Subpart 1.2.3.2 that the overall polarization described in this subpart can have 

spectacular effects on the band structure of nitride heterostructures. 
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1.2 Electronic properties of III-Nitride semiconductors 

 

The electronic properties of nitrides directly affect their optical properties. Indeed, photons 

emitted by such materials originate from electronic transitions, namely carrier recombinations. 

Moreover, many electronic properties for the AlGaN/GaN NWs investigated in this work can be 

derived from those for bulk materials. Thus, in order to fully understand the emission properties of our 

NW samples, the knowledge of the general electronic properties of WZ nitride binaries, namely their 

band structure, is first required. Then, we will get acquainted with the peculiarities of ternary alloys. 

Eventually, we will finally highlight the effect of material dimensionality, including quantum objects 

and NWs, on the band structure of WZ nitrides. 

 

1.2.1 Band structure of bulk wurtzite III-Nitride binary crystals 

 

1.2.1.1 Bandgap of bulk wurtzite nitride binary crystals 

 

For III-N semiconductors, the band structure is formed by the interaction between the valence 

orbits 𝑠 and 𝑝 of both metal and N atoms (𝑠2𝑝1 for metals and 𝑠2𝑝3 for N). For a given nitride binary, 

the energy value of the bandgap separating the conduction band from the valence band in the band 

structure depends on several parameters, including:  

 The covalence of the metal-N bond. The latter is function of the atom size and the bond 

length 𝑢. 

 The ionic character of the metal-N bond 𝐶𝑖𝑜𝑛𝑖𝑐, calculated using Pauling’s law from the 

electronegativity difference ∆𝜒 between the metal and the N atom. Such character reflects 

the average energy gap between the orbitals of both atoms. 

 The metallic character of each element, which is related to the energy gap between their 𝑠 

and 𝑝 orbitals 𝐸𝑝 − 𝐸𝑠. 

Values for 𝑢, ∆𝜒, 𝐶𝑖𝑜𝑛𝑖𝑐 and 𝐸𝑝 − 𝐸𝑠 for the metal atom are given in Table 1.2.1.1. It can be directly 

noticed from the latter that the covalence of the metal-bond, related to 𝑢, is the main parameter 

governing the bandgap value.  

Nitrides exhibit a direct bandgap, which means that the minimum of their conduction band is 

right above the maximum of their valence band at the Γ point of the Brillouin zone. In the following, 

we will only focus on the band structure region around this Γ point. In the WZ arrangement, strong 

crystal-field (CF) and spin-orbit (SO) interactions induce a splitting of the six-fold degenerate level 
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usually associated with cubic systems. Consequently, as sketched in Figure 1.2.1.1 (a), the band 

structure for WZ nitrides presents three valence subbands: the heavy holes (HH) band, the light holes 

(LH) band and the split-off band. More specifically, HH and LH subbands are lifted by the SO 

splitting and the split-off band by the crystal field. Figure 1.2.1.1 (b) highlights the band structure 

peculiarities for the GaN and AlN binaries: the three resulting energy gaps, labeled 𝐴 (namely the 

bandgap 𝐸𝑔), 𝐵 and 𝐶 from the lowest to the highest gap, and their associated transition polarizations 

are represented. In addition, the energies Δ𝑆𝑂 and Δ𝐶𝐹, respectively related to SO and CF splitting, are 

indicated. Experimental values of the three energy gaps, as well as Δ𝐶𝐹 and Δ𝑆𝑂, are provided in Table 

1.2.1.1. 

 

 

Figure 1.2.1.1: (a) General shape of the band structure for WZ nitrides around the 𝚪 point of Brillouin zone. (b) More 

detailed sketch of the band structure at 𝚪, for GaN at the top and AlN at the bottom. Adapted from [102, 105].  
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 AlN GaN InN 

𝑢  (Å) 1.903 1.955 2.171 

∆𝜒 (eV) 1.43 1.23 1.26 

𝐶𝑖𝑜𝑛𝑖𝑐 (%) 72 51 54 

𝐸𝑝
𝐼𝐼𝐼 − 𝐸𝑠

𝐼𝐼𝐼 (eV) 5.25 6.47 5.43 

𝐸𝑔 (or 𝐸𝑔
𝐴) (eV) 6.088  3.505  0.78  

Δ𝐶𝐹 (meV) -225 11 17 

Δ𝑆𝑂 (meV) 19 22 3 

𝐸𝑔
𝐵 (eV) 6.304 3.511 0.782 

𝐸𝑔
𝐶 (eV) 6.319 3.532 0.798 

 

Table 1.2.1.1: Experimental values at cryogenic temperature (≤5 K) of the three bandgap energies, crystal field and 

spin-orbit splitting energies for nitride binaries. Values taken from [13, 102] for GaN, from [102] for InN, and from 

[13, 128] for AlN. 

 

Due to the very strong ionic character of the Al-N bond, the Δ𝐶𝐹 value in AlN is significant and 

negative, contrary to the one in GaN. Therefore, the valence bands of AlN are reversed with respect to 

those of GaN, as shown in Figure 1.2.1.1 (b). Furthermore, because of different valence band 

symmetries, the polarization of light resulting from the main transition (the A-one, of lower energy) 

differs: the related electric field 𝐸⃗⃗ is perpendicular to the 𝑐-axis for GaN, whereas it is parallel to 𝑐-

axis for AlN. In other words, the luminescence intensity will be maximal in parallel to the 𝑐-axis for 

GaN, and perpendicularly to the 𝑐-axis for AlN. The latter causes light extraction issues in 

optoelectronic devices (LEDs [69, 70] and lasers [69, 129]) based on AlN or AlGaN (AlxGa1-xN) with 

an Al composition (x, more rigorously called AlN molar fraction) high enough to exhibit the crossover 

of the valence sub-bands. The latter occurs for AlN molar fractions above x=0.09±0.05 for strain-free 

AlxGa1-xN and above higher x values for compressively strained AlGaN layers (for instance, above 

0.42 for AlxGa1-xN/Alx+0.2Ga0.8-xN quantum wells) [130]. 

Finally, we can notice that 𝐸𝑔 values span from 0.78 eV for InN to 6.095 eV for AlN. Therefore, a 

large electromagnetic region going from the near IR to the deep UV can be covered by tuning the 

composition of the nitride alloys, making them suitable for harvesting the full solar spectrum [131]. 

The band structure peculiarities of these alloys will be presented further in Subpart 1.2.2. 
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1.2.1.2 Other electronic transitions in bulk wurtzite nitride binaries 

 

We have already seen three electronic transitions in Subpart 1.2.1.1, labeled 𝐴, 𝐵, and 𝐶. These 

transitions, intrinsic to nitride materials, correspond to the radiative recombination of an electron 

excited into the conduction band with a hole (electron vacancy) in the valence band. Such excitation is 

typically provided in spectroscopy experiments (see 2.3 for optical characterization techniques) by a 

laser or an electron beam of energy superior to the bandgap energy. Once excited into the conduction 

band (respectively the valence band), the electron (respectively the hole) first relaxes, non-radiatively 

through the emission of phonons (quasiparticles associated with the crystal vibration modes), towards 

lower energy levels (by convention, the energy scale is inverted for holes), before the radiative 

recombination of carriers occurs. Thus, the energy of the resulting emission is lower than the 

absorption energy, and we call Stokes shift the positive difference between the energies corresponding 

to the band maxima of the absorption and emission spectra of the same electronic transition. Coming 

back to the case of the three 𝐴, 𝐵 and 𝐶 transitions, the 𝐴-one, of lower energy, will be therefore the 

most occupied one at cryogenic material temperature. 

Before recombining, electron-hole pairs can form quasiparticles called excitons (noted 𝑋) through 

Coulombian interactions, resulting in a decrease in the transition energy equal to the exciton binding 

energy, noted 𝐸𝑋
𝑏. Therefore, taking the example of the main 𝐴-transition, the latter, which involves a 

free exciton 𝐴 noted 𝐹𝑋𝐴, can be observed at: 

  

𝐸𝑋𝐴 = 𝐸𝑔 − 𝐸𝑋𝐴
𝑏  

 

(1.2.1.1) 

in spectroscopy experiments. Excitons are more or less “free” (delocalized) within the material, 

depending on the spatial extension of their wavefunctions. In such pairs, the average distance between 

electron and hole can be described by the exciton Bohr radius 𝑎𝐵
𝑋. Both 𝐸𝑋

𝑏 and 𝑎𝐵
𝑋 directly depend on 

the bulk material properties and can be reasonably described by the Wannier-Mott model [132, 133] as 

follows for bulk GaN, AlN and InN: 

  

𝐸𝑋
𝑏 = 𝑅𝑦

𝜇

𝑚0

1

𝜀2
  

𝑎𝐵
𝑋 = 𝑎𝐵

𝐻
𝑚0
𝜇
𝜀 =

𝑒2

2𝜀𝐸𝑋
𝑏 

 

(1.2.1.2) 

 

(1.2.1.3) 

where 𝑅𝑦 is the Rydberg constant, 𝑚0 is the electron mass, 𝜇 is the reduced mass of the exciton 

(1/𝜇 = 1/𝑚𝑒
∗ + 1/𝑚ℎ

∗  with 𝑚𝑒
∗  and 𝑚ℎ

∗  the effective mass of electron and holes in the material, 

respectively), 𝜀 is the dielectric constant of the material, 𝑎𝐵
𝐻 is the Bohr radius of hydrogen atom and 𝑒 

is the electronic charge. In view of their dependence on 𝜀 and µ, which tend to respectively decrease 
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and  increase with the bandgap, 𝐸𝑋
𝑏 and 𝑎𝐵

𝑋 are respectively higher and smaller for higher bandgaps, as 

highlighted in Table 1.2.1.2. 

 AlN GaN InN 

𝜀  8.5 9.9 13.7 

𝐸𝑔 (or 𝐸𝑔
𝐴) (eV) 6.088 3.505  0.78  

𝑎𝐵
𝑋𝐴  𝑢  (Å) 14  25   

𝐸𝑋𝐴
𝑏  (meV) 54 27  

𝐸𝐷°𝑋𝐴
𝑏  (meV) 18 7  

𝐸𝐴°𝑋𝐴
𝑏  (meV) 35 12  

 

Table 1.2.1.2: Dielectric constant and main values related to the A-exciton for the three binaries. Taken from [13, 128] 

for AlN, from [13, 134] for GaN, and from [102] for InN. 

Moving within the nitride material, a given electron-hole pair, whether unbound or bound as an 

exciton, can also encounter structural defects or impurities (generally non-ionized) and then be trapped 

by or bound to the latter, as depicted for an exciton in Figure 1.2.1.2. In their vicinity, such extrinsic 

objects exhibit electronic configurations different from the surrounding bulk nitride material, which 

induces extrinsic energy levels within the bandgap of this material. In the case of substitutional atomic 

impurities and point defects like vacancies, interstitial or antisite defects, their associated levels can be 

closer to either the conduction band or the valence band, meaning that these impurities or defects 

respectively behave as donors or acceptors (of electrons). These levels are said to be “shallow” if they 

are close to either the conduction or the valence band. In contrast to shallow levels, other ones are 

“deep” and can be even located around the middle of the bandgap [135].  
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Figure 1.2.1.2: Illustration of an exciton moving within a WZ nitride material: (a) Exciton moving freely. (b) Binding 

to a substitutional impurity. 

Regarding excitonic transitions of extrinsic nature, excitons bound to a donor and those bound to an 

acceptor are noted 𝐷°𝑋 and 𝐴°𝑋, respectively. Considering 𝑋𝐴 excitons of the 𝐴-transition, their 

recombinations when bound to donor or acceptor can be expressed as follows: 

 𝐷°𝑋𝐴 → 𝐷° + 𝐸𝐷°𝑋𝐴   

𝐴°𝑋𝐴 → 𝐷° + 𝐸𝐴°𝑋𝐴   

 

(1.2.1.4) 

The latter lead to emission energies 𝐸𝐷°𝑋𝐴  and 𝐸𝐴°𝑋𝐴  respectively equal to: 

  

𝐸𝐷°𝑋𝐴 = 𝐸𝑔 − 𝐸𝑋𝐴
𝑏 − 𝐸𝐷°𝑋𝐴

𝑏 = 𝐸𝑋𝐴 − 𝐸𝐷°𝑋𝐴
𝑏  

𝐸𝐴°𝑋𝐴 = 𝐸𝑔 − 𝐸𝑋𝐴
𝑏 − 𝐸𝐴°𝑋𝐴

𝑏 = 𝐸𝑋𝐴 − 𝐸𝐴°𝑋𝐴
𝑏  

 

(1.2.1.5) 

Such emission energies related to 𝐷°𝑋 and 𝐴°𝑋 complexes are lowered by the binding energy of the 

exciton bound respectively to a donor and to an acceptor, i.e.  𝐸𝐷°𝑋𝐴
𝑏  and 𝐸𝐴°𝑋𝐴

𝑏  in the case of 𝑋𝐴. 

Consequently, complexes involving shallow donors exhibit emission energies close to those of free 

exciton recombination: the related transitions are commonly called near band edge (NBE) transitions. 

Typical shallow donors in nitrides are non-intentionally introduced oxygen (O) impurities substituting 

N (noted ON) and Si dopants substituting metal atoms, whereas residual carbon (C) impurities 

substituting N (noted CN) and Mg dopants substituting metal atoms are common shallow acceptors 

[128, 134]. Consequently, when performing higher Si n-doping or Mg p-doping during growth, the 

intensity of the emission resulting from the corresponding “shallow” 𝐷°𝑋 or 𝐴°𝑋 excitonic transition 
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will be more significant. Other NBE transitions can stem from excitons bound to extended defects 

such as SFs [136] or to inversion domain boundaries [111]. Other radiative and extrinsic transitions, 

“deeper” than those previously presented and of non-excitonic nature, can also be observed for nitrides 

in spectroscopy: 

 Donor-acceptor pair transitions (𝐷𝐴𝑃), corresponding to the carrier recombination between a 

neutral donor and an acceptor, and emitting at 𝐸𝐷𝐴𝑃, such as:  

 𝐴° + 𝐷° → 𝐴− + 𝐷+ + 𝐸𝐷𝐴𝑃  (1.2.1.6) 

with 

  

𝐸𝐷𝐴𝑃 = 𝐸𝑔 − 𝐸𝐷
𝑏 − 𝐸𝐴

𝑏 + 𝑒2/(𝜀 𝑑𝐷𝐴) 

 

(1.2.1.7) 

where 𝑑𝐷𝐴 is the donor-acceptor distance and 𝐸𝐷
𝑏 (respectively 𝐸𝐴

𝑏) is the binding energy of 

the electron to the donor (respectively of the hole to the acceptor). It must be noted that the 

donor ionization energy 𝐸𝐷
𝑏 is empirically related to 𝐸𝐷°𝑋

𝑏  by Haynes’ rule [137, 138]. Such 

transitions are generally quite broad and asymmetric, respectively due to variation of 𝑑𝐷𝐴 and 

its high average magnitude making recombination less probable than for closer centers. In the 

case of nitrides, DAP transitions involving typical shallow donors or shallow acceptors or both 

are commonly observed [128, 134, 139]. 

 Free-to-bound transitions (𝑒𝐴 or ℎ𝐷), corresponding to a recombination of an acceptor 

(respectively a donor) with an electron (respectively a hole) and emitting at 𝐸𝑒𝐴 (respectively 

𝐸ℎ𝐷):  

 𝐴° + 𝑒− → 𝐴− + 𝐸𝑒𝐴   (respectively 𝐷° + ℎ+ → 𝐷+ + 𝐸ℎ𝐷) (1.2.1.8) 

where 

  

𝐸𝑒𝐴 = 𝐸𝑔 − 𝐸𝐴
𝑏  (respectively 𝐸ℎ𝐷 = 𝐸𝑔 − 𝐸𝐷

𝑏) 

 

(1.2.1.9) 

Due to the easier donor ionization, 𝑒𝐴 transitions are much more commonly observed than ℎ𝐷 

ones in nitrides [134].  

 Transitions involving at least one deep level. For instance, the widely investigated broad 

“yellow band” emission commonly observed in GaN films or the “blue/violet” band emission 

in AlN layers stem from such transitions. In both cases, the origin of the latter is still under 

debate and being investigated. Indeed, for GaN, they are either assigned to complexes of 

defects/impurities comprising CN and ON [140, 141] or attributed to other complexes including 
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Ga vacancies (noted VGa) and ON [142]. As for AlN, such transitions are thought to be related 

to complexes formed by VAl and ON [143]. 

Eventually, electronic transitions can be non-radiative. Indeed, carrier recombinations do not 

always generate photons, especially those involving deep defects trapping carriers. Thus, crystal of 

low structural quality will not luminesce intensively. For instance, extended defects such as 

dislocations were demonstrated to behave as non-radiative recombination centers [144], which can be 

problematic for optoelectronic devices. Indeed, if the dislocation density is significant, the carrier 

diffusion length is likely to be longer than the dislocation spacing and the light emission efficiency is 

therefore lowered. In the perspective of enhancing such devices, intense efforts are being made to 

improve the III-N structure crystalline quality. In this context, nitride NWs constitute an alternative to 

epitaxial layers, as already mentioned. Indeed, in view of their high surface-to-volume ratio 

(length/diameter), they naturally grow relaxed, dislocation-free unlike their 2D counterparts and 

almost exempt of other defects [25, 71, 72], as supported by typical PL spectra recorded for nitride 

binary NWs and provided in the experimental method Subpart 2.3.1.2. The latter will consist in a 

direct application of the notions introduced in the present section. To conclude, Figure 1.2.1.3 sums up 

the main types of transitions that can be encountered in nitrides. In addition, very exhaustive reviews 

gathering the many transitions reported for nitrides can be found in the literature for GaN [134] and 

AlN [128]. 

 

Figure 1.2.1.3: Illustration of the main types of radiative electronic transitions. 
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1.2.1.3 Effect of external parameters on the band structure of bulk nitride binaries 

 

Given that heterostructures were grown and temperature- or power-dependent optical 

characterization experiments were performed during this PhD, we will briefly present the effect of 

three external parameters in the following of this section: strain, excitation power density, and material 

temperature. We will detail a bit more the latter parameter. 

Strain, generally resulting from heteroepitaxial growth as detailed in Subpart 1.3, induces slight 

modifications of nitride material lattice parameters and therefore of the metal-N bond length. 

Consequently, the covalence of such bond will change, leading to shifts of the bandgap and other 

related transitions. Figure 1.2.1.4 illustrates the linear dependence of the bandgap energy on strain for 

GaN and AlN. 

 

Figure 1.2.1.4: Dependence of bandgap on in-plane strain for (a) GaN and (b) AlN under hydrostatic and biaxial 

stresses. Adapted from [145]. 

The emission energy shift of a given transition may also be caused by the variation of nitride 

material temperature. Indeed, the corresponding thermal expansion first induces a modification of 

nitride lattice parameters, resulting in a slight change in emission energy for the band gap and related 

transitions. Second, phonon states of higher energy get more populated when increasing temperature. 

Consequently, recombination of carriers coupled with such phonons usually leads to emission red-shift 

more significant than the one induced by the mere thermal expansion [146-148]. Regarding the 

bandgap transition, several models have been widely used to approach its evolution with temperature, 

including Varshni law [149] and Bose-Einstein model [150]. The first one is the most commonly used 
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but is purely empirical, whereas the second one has physical meaning and is furthermore adapted to 

wide bandgap semiconductors. A third model by Pässler [151], more complex and more accurate at 

low temperatures, could also be used but we will stick in the following of the manuscript to the more 

common Varshni and Bose-Einstein laws. The corresponding expressions are given below: 

  

𝐸𝑔
𝑉.(𝑇) = 𝐸𝑔(0𝐾) −

𝛼𝑇2

𝛽 + 𝑇
 

 

(1.2.1.10) 

where 𝛼 and 𝛽 are the Varshni empirical coefficients. 

 
𝐸𝑔
𝐵.𝐸.(𝑇) = 𝐸𝑔(0𝐾) −

2𝛼𝐵
𝑒Θ𝐵/𝑇 − 1

 
(1.2.1.11) 

where 𝛼𝐵 is the electron-phonon coupling constant and Θ𝐵 is the characteristic Bose-Einstein 

temperature (related to the average phonon frequency). Typical value ranges are provided for 

parameters of both models in Table 1.2.1.3. The significant shift of 𝐸𝑔 with temperature over the 5-

300K range is shown for GaN and AlN in Figure 1.2.1.5. 

 𝛼 (meV/K)  𝛽 (K) 𝛼𝐵 (meV) Θ𝐵 (K) 

GaN 0.8-1.3 800-1400 80-140 300-450 

AlN  1.7-2.7 1500-2600 100-400 400-700 

 

Table 1.2.1.3: Common parameter values of Varshni and Bose-Einstein models for GaN and AlN, taken from [152] 

for GaN and from [153] for AlN. 

 

Figure 1.2.1.5: Experimental evolution of bandgap with temperature for (a) GaN and (b) AlN. Taken from [154] for 

(a) and from [153] for (b). 
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At higher material temperatures, the phonon-carrier coupling may not only lead to the decrease in the 

emission energy resulting from a given transition, but may also induce:  

 The broadening of this emission. The linewidth can be expressed as follows: 

  

Γ(𝑇) = Γ0 + Γ𝐴𝑇 +
Γ𝐿𝑂

𝑒
ℏ𝜔𝐿𝑂
𝑘𝐵𝑇 − 1

 

 

(1.2.1.12) 

 

where Γ𝐴 and Γ𝐿𝑂 are respectively the coupling force of acoustic and longitudinal optical 

(LO) phonons, and 𝜔𝐿𝑂 is the vibration frequency of LO phonons. At low temperatures, 

the contribution of phonons to the broadening of emission mostly stems from the acoustic 

phonons whereas the interaction of LO ones (also called Fröhlich coupling) gets 

progressively more significant when increasing temperatures [148, 152, 153]. 

 The appearance of phonon replicas for this transition, observable in spectroscopy. Their 

emission is red-shifted with respect to the main transition by multiples 𝑛 of ℏ𝜔𝐿𝑂 (91 

meV for GaN [13, 134] and 110 meV for AlN [128]) whereas their intensity decreases 

with 𝑛 [155]. For instance, due to large phonon-carrier coupling for the DAP transition 

(related to its polar nature), several phonon replicas are commonly observed for the latter 

in spectroscopy at cryogenic temperature ([128, 134, 139]).  

Moreover, increasing material temperature can favor or disadvantage certain transitions defined in 

Subpart 1.2.1.2 with respect to other ones. Indeed, it can result in the more significant intensity 

quenching of a given transition compared to other ones, due to exciton dissociation, exciton unbinding 

from defects/impurities, or thermal escape of carriers towards other levels. For instance, free A-

excitons can be dissociated at high enough temperatures, and their related intensity follows a typical 

Arrhenius law with an activation energy equal to its binding energy 𝐸𝑋𝐴
𝑏 . In other words, free A-

excitons exhibiting higher 𝐸𝑋𝐴
𝑏  than 25 meV (𝑘𝐵𝑇 at 300 K) are stable and can be observed at room 

temperature (especially for AlN in view of Table 1.2.1.2) whereas those with low 𝐸𝑋𝐴
𝑏  are only 

observable at low temperatures. Another typical example is provided by the 𝐷𝐴𝑃 and 𝑒𝐴 transitions. 

At higher temperatures, the first ones get less observable, due to donor ionization, and red-shift, due to 

the decrease in the number of recombination centers (i.e. the average value of 𝑑𝐷𝐴 defined in Subpart 

1.2.1.2 decreases). In contrast, 𝑒𝐴 transitions can be more easily evidenced when donor ionization is 

favored [134]. 

Eventually, excitation power density is usually set low when performing spectroscopy, in order to 

avoid saturating the possible energy levels related to defects, since their concentrations and associated 

lifetimes are finite [134]. Therefore, at higher excitation power densities, certain transitions will 



 1.2 Electronic properties of III-Nitride semiconductors 

 

 34 
 

saturate more slowly and be favored at the expense of other ones. Coming back to the example of 𝐷𝐴𝑃 

and 𝑒𝐴 transitions, the first one will blue-shift when increasing power density (increase in the average 

value of 𝑑𝐷𝐴), whereas the second one will be more easily observable owing to the resulting increase 

in the number of electrons excited in the conduction band  [134]. 

 

1.2.2 Peculiarities of nitride ternary alloys 

 

1.2.2.1 Bandgap of ternary alloys 

 

By definition, a perfectly disordered alloy does not exhibit long-range chemical order and 

invariance by translation. Therefore, inferring a band structure from crystal periodicity is not quite 

accurate. However, it is experimentally observed that an alloy presents a bandgap which depends on 

the molar fraction of mixed nitride binaries. In the case of a nitride ternary alloy 𝑀𝑥𝑀1−𝑥
′ 𝑁, the 

variation of the bandgap energy with the 𝑀𝑁 molar fraction 𝑥 can be approached by the following 

relation: 

  

𝐸𝑔[𝑀𝑥𝑀1−𝑥
′ 𝑁] = 𝑥𝐸𝑔[𝑀𝑁] + (1 − 𝑥)𝐸𝑔[𝑀′𝑁] − 𝑏𝑥(1 − 𝑥) 

 

(1.2.2.1) 

where 𝑏 is the bowing parameter, which accounts for the deviation from linearity. Theoretical and 

experimental values of bowing parameters for AlxGa1-xN [130, 156-161], InxGa1-xN [162-165] and 

AlxIn1-xN [166-169], can be found in the literature. However, discrepancies on the reported values can 

be noticed. For instance, they globally vary from -0.8 eV to +2.6 eV range for AlxGa1-xN. More refined 

AlxGa1-xN layers and associated techniques yield a value of +1 eV that will be used for 𝑏 [13, 170] in 

the following, unless specified otherwise. Using the latter and emission energy values for A-exciton 

given in Subpart 1.2.1 for GaN and AlN, the evolution of AlxGa1-xN bandgap with 𝑥 is sketched in 

Figure 1.2.2.1. 
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Figure 1.2.2.1: Evolution, at low temperature (5 K), of the bandgap and the donor bound exciton energy with AlN 

molar fraction, for A-exciton. Some values are given in the table given in inset. A bowing parameter of 1 eV was used. 

 

1.2.2.2 Broadening of emission for nitride ternary alloys 

 

When considering a given metallic atom 𝑀 in a perfectly disordered alloy 𝑀𝑥𝑀1−𝑥
′ 𝑁 of 𝑀𝑁 molar 

fraction 𝑥, the latter atom can be surrounded by 13 different configurations for the neighboring 

metallic atoms (second neighbors, the first one being N atoms). Each configuration inducing a 

different bandgap, the resulting emission will therefore be intrinsically broader than for nitride 

binaries. Models for this broadening can be found in the literature, such as Goede’s model, which can 

also be used for II-VI [171] and other III-V alloys [172]. The latter is actually derived from a binomial 

law related to the probability to find a certain number of metallic atoms 𝑀 among the number of 

cations 𝑛𝑐𝑎𝑡𝑖𝑜𝑛𝑠(𝑥)  in the volume 𝑉𝑒𝑥𝑐 probed by the exciton of the transition. Knowing that there are 

2 cations in the WZ primitive unit cell of volume 𝑉𝑊𝑍 = √3/2 𝑎²(𝑥)𝑐(𝑥), that 𝑛𝑐𝑎𝑡𝑖𝑜𝑛𝑠(𝑥) =

2𝑉𝑒𝑥𝑐(𝑥)/𝑉𝑊𝑍(𝑥), we can approximate the binomial law by a Gaussian of linewidth expressed as: 

 

𝐹𝑊𝐻𝑀𝐸𝑔(𝑥) =
𝑑𝐸𝑔(𝑥)

𝑑𝑥
2(
2 ln(2) 𝑥(1 − 𝑥)

𝑛𝑐𝑎𝑡𝑖𝑜𝑛𝑠(𝑥)
)

1
2

 

 

(1.2.2.2) 

Considering a spherical volume for 𝑉𝑒𝑥𝑐, using linear interpolation (Vegard’s law) between nitride 

binary values for the exciton Bohr radius and the WZ lattice parameters, and using Equation (1.2.2.1) 

for 𝐸𝑔, such Gaussian linewidth can be sketched as a function of 𝑥 for Al𝑥Ga1−𝑥N, as shown in Figure 

1.2.2.2. 
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Figure 1.2.2.2: Linewidth broadening intrinsic to random atomic distribution in AlxGa1-xN, using Goede’s model. 

For AlxGa1-xN, a maximal broadening of 104 meV is obtained for 𝑥 = 0.78. The related Gaussian 

must be then convoluted with other intrinsic contributions that must be taken into account for any 

nitride material: a Lorentzian homogeneous broadening related to carrier lifetime and another 

inhomogeneous one depending on the local environment (impurities or defects, strain, etc.). The mere 

broadening intrinsic to random alloy compositional fluctuation given by the model is well above the 

state-of-the-art experimental values reported for AlGaN alloys of similar AlN molar fractions, in the 

2D (≈60 meV) [160, 173, 174] and the NW case (≈55-60 meV) [175]. Such discrepancy can be firstly 

explained by the imperfections of this simple model. Indeed, the latter describes well the broadening 

evolution with the AlN molar fraction but only considers free excitons whereas the latter are likely to 

be bound [176], so that the probed excitonic volume is different in reality. In addition, carriers 

thermalize towards lower energy levels in experiments, which narrows the emission energy range. 

Improvements of the Goede’s model were performed to take into account such effects and better fit 

experimental data [176-178]. 

 

1.2.2.3 Stokes shift in nitride ternary alloys 

 

As previously mentioned, the Stokes shift is the energy difference between the absorption energy 

and the lower emission energy. In nitride alloys, such shift is induced by the thermalization of carriers 

towards the lowest levels induced by the alloy disorder described in Subpart 1.2.2.2. Therefore, the 

resulting difference is typically of the order of the alloy broad emission linewidth. However, if carriers 
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are strongly localized, they do not thermalize, resulting in small Stokes shifts. In this case, when 

increasing the material temperature, carriers are provided enough energy to be able to get over the 

potential barrier induced by their localized state. They can then thermalize towards the lowest levels, 

leading to lower emission energy (Figure 1.2.2.3 (a) to (b)). When further increasing the material 

temperature, carriers can access higher energy levels, resulting in higher emission energy (Figure 

1.2.2.3 (b) to (c)). Finally, at even higher temperatures, the extended levels related to the average alloy 

bandgap can be occupied (Figure 1.2.2.3 (d)), and we retrieve the classical monotonous decrease in the 

bandgap energy with temperature (see Varshni and Bose-Einstein law in 1.2.1.2). As illustrated in 

Figure 1.2.2.3, the variation of emission energy with temperature typically follows an “S-shape” [179] 

and so does the Stokes shift, since the contribution of the various energy levels to absorption does not 

change. Such S-shape was widely reported for nitride ternary alloys, namely AlGaN [156, 158, 174, 

180-185], InGaN [186, 187] and AlInN [188]. 

 

Figure 1.2.2.3: Typical evolution of the emission energy of an alloy exhibiting strong carrier localization when 

increasing material temperature: “S-shape” curve. Adapted from [139]. 

When dealing with a non-perfectly disordered 𝑀𝑥𝑀1−𝑥
′ 𝑁 alloy with 𝐸𝑔[𝑀𝑁] < 𝐸𝑔[𝑀

′𝑁], its 

composition can vary locally, inducing 𝑀-richer regions surrounded by 𝑀′-richer barriers. 

Consequently, the energy levels are lower within these 𝑀-richer regions and carriers will 

preferentially recombine there. The resulting emission will be the dominant contribution to the alloy 

luminescence, whereas the related energy levels will weakly contribute to absorption, leading to 
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higher Stokes shift. To conclude, the Stokes shift can be seen as a tool to assess the degree of disorder 

in a given nitride alloy: the more significant the shift, the more ordered the alloy. 

 

1.2.3 Effect of the dimensionality of nitride objects 

 

The dimensionality 𝑑 of nitride objects can be seen as the number of degrees of freedom for 

carriers within such objects. Consequently, it is equal to 3 for bulk material (no carrier confinement), 

to 2 in quantum wells (QWs, 1D confinement), to 1 in quantum wires (QWires, 2D confinement) and 

to 0 for quantum dots (QDs, 3D confinement).  

 

1.2.3.1 Effects intrinsic to carrier quantum confinement in nitrides 

 

Decreasing the nitride object dimensionality 𝑑, leading to an enhancement of carrier quantum 

confinement, first modifies the density of states for carriers, as displayed in Figure 1.2.3.1 (a). Such 

density, noted D, can be expressed as a function of energy E and object dimensionality d as follows: 

 
𝐷(𝐸) ∝ {𝐸

𝑑
2
−1,  𝑖𝑓 𝑑 > 0,

𝛿(𝐸),  𝑖𝑓 𝑑 = 0.
 

 

(1.2.3.1) 

In addition, the resulting enhanced quantum confinement in a given crystal direction will induce a 

quantization of the allowed energy levels for carriers confined in this direction [189]. Indeed, the 

energy of the 𝑛𝑡ℎ level is equal to (for infinite potential barriers): 

  

𝐸𝑛 =
ℏ²𝑘²(𝑛)

2𝑚
 

 

(1.2.3.2) 

with: 

 
𝑘 = √𝑘𝑥

2 + 𝑘𝑦
2+ 𝑘𝑦

2
 

(1.2.3.3) 

and, for quantum confinement in a given direction 𝑖 = {𝑥, 𝑦, 𝑧}:   

  

𝑘𝑖(𝑛) = 
𝜋𝑛

𝐿𝑖
 

 

(1.2.3.4) 

where  ℏ is the reduced Planck constant, k the wavevector norm, m the effective mass of the carrier, Li 

the characteristic dimension of the quantum object in the confinement direction, and n the quantization 

index. Such quantization is represented in Figure 1.2.3.1 (b) for electrons and is similar for holes. 
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Figure 1.2.3.1: (a) Evolution of carrier state densities D(E) with dimensionality.  The critical points Ecn and Evn are 

called Van Hove singularities. (b) Quantization of allowed energy levels for electrons confined in a given direction 

i={x,y,z}, in the case of infinite barrier potentials (left schematic) and finite ones (right schematic, closer to reality) 

resulting from a nitride material 1/material 2 quantum object/barrier heterostructure. Wavefunctions are also 

sketched for the first three quantized levels Ecn. This depiction is similar for holes and not shown here. 

Such quantum confinement can be effective in two distinct regimes: 

 The strong quantum confinement regime. In this case, one of the nitride object dimensions is 

inferior to the corresponding exciton Bohr radius, and the wavefunctions of both excitons and 

holes are separately confined.  
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 The weak quantum confinement regime. All the object dimensions are superior to the exciton 

Bohr radius, but at least one of them remains close to the latter. In such regime, only the 

exciton center of mass is confined. 

In both regimes, the emission will be blue-shifted. For the strong quantum confinement regime, more 

common and sought in nitride heterostructures, the bandgap energy will be increased as follows [190]: 

  

𝐸 = 𝐸𝑔 + 𝐸𝑒
𝑐 + 𝐸ℎ

𝑐 + 𝐸𝑋
𝑏 

 

(1.2.3.5) 

where 𝐸𝑒
𝑐 and 𝐸ℎ

𝑐 are the confinement energies of respectively the electron and the hole within the 

potential barrier associated with the quantum object. For instance, the emission of GaN/AlN QDs and 

QDisks can be blue-shifted up to ≈4.4 eV for the smallest ones [115, 191]. In such quantum objects, 

the overlap of carrier wavefunctions is stronger and their spatial extension is smaller, so that the 

related oscillator strength and radiative efficiency are significantly increased [189]. 

 

A decrease in either dimensionality 𝑑 of a nitride object or its characteristic dimensions along 

confinement directions is also expected to lead to an increase in the binding energy of involved 

excitons and a lowering of the corresponding Bohr radius (in other words the volume probed by the 

exciton) [189], as theoretically predicted and experimentally verified for Wannier-Mott excitons 

confined in QWs [192, 193], QWires [194, 195] and QDs [196, 197] made of direct bandgap 

semiconductors. Concomitantly, the related radiative lifetime is expected to decrease when increasing 

the oscillator strength (which depends on the quantum confinement), as demonstrated for QWs [198, 

199], QWires [200, 201] and QDs [196, 202, 203]. Regarding nitride semiconductors, exciton binding 

energy values up to ≈45-50 meV were reported for thin GaN/AlxGa1-xN QWs [204, 205], as illustrated 

in Figure 1.2.3.2, which represents an increase of about 25 meV with respect to the bulk value (27 

meV for GaN). It must be noted that exciton binding energy values get lower than the bulk one for 

thick wells, which is a consequence of the large polarization in nitride heterostructures that will be 

explained in Subpart 1.2.3.2. As for smaller nitride object dimensionalities, significant enhancements 

of the binding energy were also reported with respect to the bulk, for GaN/AlxGa1-xN QDs (𝐸𝑋
𝑏 ≈40-60 

meV for the smallest dots) [206] and InGaN/GaN QDs (𝐸𝑋
𝑏 ≈60 meV for small dots) [207]. 
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Figure 1.2.3.2: Evolution of 𝑬𝑿
𝒃  with QW width for GaN/AlGaN QWs. Taken from [205]. Above QW thickness of 

about 14 ML, the 𝑬𝑿
𝒃  value gets inferior to the one for bulk GaN. 

 

1.2.3.2 A consequence of the nitride peculiar polarization: the quantum-confined Stark effect 

(QCSE) 

 

In the case of nitride heterostructures grown along the polar direction (𝑐-axis), the effect of the 

overall polarization 𝑃⃗⃗ introduced in Subpart 1.1.3 will be to generate surface charge sheets 𝜎𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 

at the interface between two adjacent nitride material layers, when a polarization discontinuity ∆𝑃⃗⃗ 

appears. This discontinuity can be expressed as: 

  

𝜎𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 = ∆𝑃⃗⃗. 𝑛⃗⃗ 

 

(1.2.3.6) 

with 𝑛⃗⃗ the normal vector to the interface. The sheet carrier concentration can be significant enough to 

generate a 2D electron gas, even without intentional doping, making such interfaces particularly suited 

for devices like HEMTs [208].  

However, the large polarization discontinuity can severely impact the band structure of stacked 

nitride heterostructures. In order to highlight this feature, we will focus in the following on the simple 

example of a classical double heterostructure: a nitride QW sandwiched by barriers made of another 

nitride material. In this case, surface charge sheets at each interface are of opposite signs. Though the 
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type of charges confined at each interface depends on the heterostructure polarity, in both 

configurations, the distribution of positive and negative charges induces the presence of an electric 

field within the well. This electric field causes a bending of the conduction and valence bands inside 

the QW, as sketched in Figure 1.2.3.3. Consequently, the first electron level in the conduction band 

and the first hole level in the valence band get energetically closer, leading to a red-shift of the QW 

emission wavelength. Moreover, the electron and the hole wavefunctions are spatially separated, 

which reduces their overlap and therefore the transition oscillator strength. In other words, the 

recombination of carriers is made harder, increasing their lifetime inside the QW. This phenomenon is 

called the QCSE and is schematically illustrated in Figure 1.2.3.3 for a GaN QW embedded in AlN 

barriers.  

 

Figure 1.2.3.3: Illustration of the effect of the electric field in a polar GaN/AlN QW. The bottom part shows the 

structure with the different contribution to the polarization. The upper part presents the calculated band structure, 

with the electron (respectively hole) probability density distribution |𝜳𝒆|
𝟐 (respectively |𝜳𝒉|

𝟐). 

Such effect was widely reported for various nitride quantum GaN objects embedded in AlxGa1-xN such 

as GaN/AlN QWs [191], QDisks [115] or dots [209, 210]. Typical values of the electric field within 

such quantum structures are of the order of 5-10 MV.cm
-1

 [208-210]. Consequently, for too thick 

quantum objects, such fields cause a red-shift of the emission energy well below the bandgap of GaN 

[115, 116, 210], lead to a decrease in exciton binding energy [211] and significantly lengthen the 

radiative lifetime [210, 212], as highlighted in Figure 1.2.3.4. Significant QCSE was also reported for 
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InxGa1-xN/GaN QWs [213, 214], dots [207, 215] and QDisks [216, 217]. Taking QCSE into account, 

the bandgap energy in quantum objects can be written, completing Equation (1.2.3.5) [190]: 

  

𝐸 = 𝐸𝑔 + 𝐸𝑒
𝑐 + 𝐸ℎ

𝑐 + 𝐸𝑋
𝑏 − 𝐸𝑄𝐶𝑆𝐸 

 

(1.2.3.7) 

where: 

  

𝐸𝑄𝐶𝑆𝐸 = 𝑒𝐿‖𝐸⃗⃗‖ = 𝑒𝐿
‖∆𝑃⃗⃗‖

𝜀
  

 

(1.2.3.8) 

with 𝐸𝑄𝐶𝑆𝐸 the emission energy shift due to QCSE, 𝐿 the dimension of the quantum object along the 

polar direction, ‖𝐸⃗⃗‖ the norm of the electric field along the polar direction within the quantum object, 

and 𝜀 the dielectric constant of the quantum object material. 

 

Figure 1.2.3.4: Evolution of the radiative lifetime as a function of the QD size and the corresponding emission energy. 

Taken from [210]. 

In order to reduce and even get rid of the QCSE completely, growth of heterostructures along 

semi-polar and non-polar directions (perpendicular to the 𝑐-axis) has been investigated in the 2D case 

on non-polar [218-221] or semi-polar [222, 223] planes, as well as along NW facets [32]. 

 

1.2.3.3 The case of nitride nanowires  

 

In standard self-induced nitride NWs grown by MBE, the NW diameter is of the order of a few 

tens of nm. As this dimension is by far superior to the corresponding exciton Bohr radius, the strong 
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quantum confinement regime can be excluded. Regarding the weak regime, calculations were 

performed for standard 40 nm wide GaN NWs grown by PA-MBE, leading to confinement energy of 

the order of 1 meV [224]. Given that the induced shift is inferior to typical emission linewidths, it can 

be safely concluded that no quantum confinement occurs for both bound and free excitons [224]. 

However, standard NWs can be easily thinned by thermal dissociation of GaN at the end of growth 

run, within the MBE chamber [225, 226]. Indeed, GaN decomposition in vacuum is a thermally 

activated process already operating at 750°C for the (0001) GaN facet [227]. Such thinning process 

was demonstrated to induce a strong dielectric confinement for GaN NWs thinned down to a few 

nanometers (6 nm), leading to a blue-shift of the emission and an increase in the radiative efficiency 

[226].  

Except for thinned nitride NWs, we have just seen that the electronic properties of common nitride 

NWs can be interpreted in a way similar to the corresponding bulk material. However, surface effects 

in WZ nitride NWs must not be forgotten. Indeed, dangling bonds along the NW sidewalls can adsorb 

molecules or atoms, such as oxygen, which get ionized and bring negative charges onto the surface 

[228, 229]. Such charges lead to a bending of both valence and conduction bands, as illustrated in 

Figure 1.2.3.5, and set the Fermi level along the whole NW diameter. A charge transfer is then 

induced: electrons and holes get separated, leading to depletion zones close to the NW surface and to a 

decrease in the radiative efficiency [229]. Such issue can be problematic for narrow and unpassivated 

NWs, especially if surface states behave as non-radiative traps: NWs may not even luminesce at all, as 

reported for arsenide NWs less than 200 nm wide [230]. These surface states can also be related to 

radiative deep defects, as evidenced for several nitride NW samples emitting within the yellow or blue 

defect-related bands [231-233]. In contrast, the issue turns out to be much less troublesome for self-

induced binary nitride NWs of small diameter (typically 20-50 nm wide) grown by MBE, in view of 

their strong NBE luminescence (see Subpart 2.3.1.2 for instance). Nevertheless, it must be noted that, 

for the latter NWs, excitons recombining near the surface may cause a slight shift and a broadening of 

the NBE luminescence [234].  

In order to solve surface-effect issues, investigation of surface passivation has been widely carried 

out in the recent years for NWs of various semiconductor families, either chemically [235] or using 

coating [230, 236]. In the case of nitride alloy NWs, the phenomenon is not expected to be significant, 

given that core-shell structures spontaneously grow. For instance, in the case of AlGaN NWs, an Al-

richer shell is expected to naturally passivate the AlGaN core. Indeed, such shell, which can be 

observed on microscopy images in the following of the manuscript, exhibits a higher bandgap than the 

NW core, which should lead to a better confinement of carriers within the core. 
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Figure 1.2.3.5: Band bending and resulting depletion zone for wide (a) to narrower (c) NWs. Taken from [229]. 

 

1.2.3.4 Effect of excitation in nitride quantum heterostructures 

 

In the case of nitride quantum heterostructures of high structural quality, increasing the excitation 

power density has two well-known consequences that we will briefly describe in the following of this 

section. 

First, in the case of nitride quantum objects grown along the polar direction and thick enough to 

exhibit a significant QCSE effect, the large electric field within the object will be screened. Therefore, 

at high enough power, the QCSE cancels out and the emission is blue-shifted, as evidenced for nitride 

QWs [213, 237] or QDs [238, 239]. 

Second, more than one electron-hole pair can populate an energy level within quantum objects at 

high enough excitation powers. Figure 1.2.3.6 depicts a simple model describing the dependence on 

power density of the luminescence: the two-level system [190], which includes the ground state and 

the first excited state. Owing to the spin degeneracy, this first state can contain up to a set of two 

electron-hole pairs interacting between each other and called a biexciton. Therefore, three 

configurations are possible: an empty dot (noted 0), a dot with one exciton (noted 𝑋), and a dot with 

two (biexciton noted 𝑋𝑋). The system dynamics can be then described by the following rate equations: 
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𝑑𝑝0
𝑑𝑡

= −Γ𝑝0 +
𝑝𝑋
𝜏𝑋

 

𝑑𝑝𝑋
𝑑𝑡

= −Γ𝑝𝑋 −
𝑝𝑋
𝜏𝑋
+
𝑝𝑋𝑋
𝜏𝑋𝑋

+ Γ𝑝𝑋𝑋 

𝑑𝑝𝑋𝑋
𝑑𝑡

= −
𝑝𝑋𝑋
𝜏𝑋𝑋

+ Γ𝑝𝑋 

 

 

 

(1.2.3.9) 

where 𝑝0 (respectively 𝑝𝑋, 𝑝𝑋𝑋) is the probability for the dot to be in the ground (respectively 

excitonic, biexcitonic) state,  𝜏𝑋 (respectively 𝜏𝑋𝑋) is the radiative lifetime of the exciton (respectively 

the biexciton) and Γ is the pumping (excitation) rate. Some of these parameters are indicated in Figure 

1.2.3.6. Consequently, in the steady state regime, we can derive from Equations (1.2.3.9): 

  

𝐼𝑋  ∝  
𝑝𝑋
𝜏𝑋
 =  

1

𝜏𝑋  + 
1
Γ
 + Γ 𝜏𝑋 𝜏𝑋𝑋

 

𝐼𝑋𝑋  ∝  
𝑝𝑋𝑋
𝜏𝑋𝑋

 =  
1

𝜏𝑋𝑋  +  
1
Γ
 + 

1
Γ² 𝜏𝑋

 

 

 

(1.2.3.10) 

At low enough excitation powers (Γ ≪ 1), Equations (1.2.3.10) can be rewritten: 

  

𝐼𝑋  ∝   
Γ

1 + Γ 𝜏𝑋 + Γ
2 𝜏𝑋 𝜏𝑋𝑋

= Γ (1 − Γ 𝜏𝑋 + 𝑜(Γ)) ≈ Γ − Γ
2 𝜏𝑋 

𝐼𝑋𝑋  ∝  
Γ²𝜏𝑋

1 + Γ 𝜏𝑋 +  Γ² 𝜏𝑋 𝜏𝑋𝑋 
= Γ²𝜏𝑋 (1 − Γ 𝜏𝑋 + 𝑜(Γ)) ≈ Γ

2 𝜏𝑋 

 

 

(1.2.3.11) 

whereas at very high excitation powers (Γ ≫ 1), for which the probability of getting biexcitons is 

extremely significant, Equations (1.2.3.10) provide: 

  

𝐼𝑋  ∝   

1
Γ 𝜏𝑋 𝜏𝑋𝑋

 

1 + 
1

Γ 𝜏𝑋𝑋
 +  

1
Γ² 𝜏𝑋 𝜏𝑋𝑋

 
=

1

Γ 𝜏𝑋 𝜏𝑋𝑋
  (1 −

1

Γ 𝜏𝑋𝑋
+ 𝑜 (

1

Γ
)) ≈

1

Γ 𝜏𝑋 𝜏𝑋𝑋
   

𝐼𝑋𝑋  ∝  

1
𝜏𝑋𝑋

1 + 
1

Γ 𝜏𝑋𝑋
 +  

1
Γ2 𝜏𝑋 𝜏𝑋𝑋

 =  
1

𝜏𝑋𝑋
 (1 −

1

Γ 𝜏𝑋𝑋
 + 𝑜 (

1

Γ
)) ≈

1

𝜏𝑋𝑋
−

1

Γ 𝜏𝑋𝑋
2  

 

 

 

(1.2.3.12) 

It can be directly seen from Equation (1.2.3.11) that at low pumping rates, the dependence of the 

luminescence intensity on excitation power will be mainly linear for excitons, while it will be 

quadratic for biexcitons. At very high excitation powers, the model leads to luminescence intensity 

converging towards 0 for exciton and saturating for biexciton (see Equation (1.2.3.12)), which is 

questionable: we would rather expect both intensities to saturate. In reality, other channels (related to 
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other excited states) must be considered in this case [190]. Nevertheless, in the context of this PhD 

work, the low pumping rate approximation will be sufficient, in view of the investigated excitation 

power ranges.  

 

Figure 1.2.3.6: (a) Sketch of exciton X and biexciton XX confined into a quantum object. (b) Illustration of the “two-

level model”: the ground state, X state, XX state and 2X state are sketched. The different parameters describing the 

system dynamics are indicated. The resulting XX and X emission energies 𝑬𝑿 and 𝑬𝑿𝑿  are also represented, as well as 

the biexciton binding energy 𝑬𝑿𝑿
𝒃  (positive here). 

When considering a biexciton within a quantum object, additional Coulombian interactions must be 

taken into account, in comparison with the case of single exciton. Indeed, the two holes repel each 

other, and so do the two electrons, whereas extra attractive interactions due to the second electron-hole 

pair must be considered. Consequently, the biexciton emission energy, also represented in Figure 

1.2.3.6, will be different from the exciton one, and can be simply expressed as [240]: 

  

𝐸𝑋𝑋
𝑏 = 𝐸𝑋 − 𝐸𝑋𝑋 = −(2𝐽𝑒ℎ + 𝐽𝑒𝑒 + 𝐽ℎℎ) 

 

(1.2.3.13) 

where 𝐽𝑒ℎ, 𝐽𝑒𝑒, and 𝐽ℎℎ are respectively the negative term corresponding to the Coulombian interaction 

between electron-hole pairs, and the positive terms related to the repulsive electron-electron and hole-

hole  interactions. 

When increasing the carrier quantum confinement by reducing either dimensionality of a nitride object 

or its characteristic dimensions along confinement directions, the biexciton emission energy is 

expected to be enhanced, as theoretically demonstrated and experimentally verified for Wannier-Mott 

excitons confined in QWs [241, 242], QWires [194] or QDs [243, 244] made of direct bandgap 
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semiconductors. In the case of nitride semiconductors, numerous biexciton binding energies were 

reported, especially for GaN/AlxGa1-xN and InxGa1-xN/GaN quantum objects. The energy values can 

vary from negative to positive depending on the object dimensions, as observed for GaN/AlxGa1-xN (≈ 

-30 to +7 meV) [245-247] and InxGa1-xN/GaN (≈ -16 to +16 meV)  [248-250] quantum dots. Such 

variation is attributed to the built-in electric field within quantum dots described in Subpart 1.2.3.2. 

Indeed, when the dot size increases, especially in the polar direction, the QCSE term gets more 

significant and therefore reduces the overlap of carrier wavefunctions, leading to dominant repulsive 

hole-hole and electron-electron interactions at the expense of attractive electron-hole interactions. In 

other words, 𝐽𝑒𝑒 and 𝐽ℎℎ  values increase, while the |𝐽𝑒ℎ| value decreases. Consequently, the biexciton 

binding energy diminishes and can be even negative. In contrast, extremely high biexciton binding 

energy values can be reached for optimized nitride heterostructures. A record value of +52 meV was 

obtained for a very small single GaN dot embedded into AlGaN on top of a NW [251], as shown in 

Figure 1.2.3.7, corresponding to about 9 times the value reported for bulk GaN (+5.7 meV) [252]. 

Other biexciton binding energy values higher than average were also reported, for thin InGaN/GaN 

(≈+15 meV) [253] and GaN/AlN (≈+20-40 meV) [254] QDisks in NWs.  

 

Figure 1.2.3.7: (a) Schematic of the NW heterostructure including the single GaN QD (b) Emission lines for biexciton 

XX and exciton separated by 52 meV. Due to extreme quantum confinement, the lines are blue-shifted up to around 

4.4 eV (c) Linear and quadratic dependence of luminescence intensities on power, respectively for X and XX lines. 

The simple “two-level” model works well here: we are very likely within the low pumping rate range. Taken from 

[251]. 

 

1.3  Growth of III-Nitride semiconductors 

 

In the following, we will first briefly present the mere epitaxial growth techniques for nitrides, 

which allow higher structural quality than other non-epitaxial techniques. We will more insist on the 

differences between techniques than on their exhaustive description. Second, we will describe the 
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main growth mechanisms encountered in epitaxy, including the main kinetic processes, the strain 

relaxation mechanisms and the main growth modes of III-N semiconductors. 

Before going further, let us remind that epitaxy consists in growing a given material on top of another 

crystalline one, generally a substrate or a template, while keeping an epitaxial relationship with the 

latter (lattice adaptation). We then distinguish homoepitaxy from heteroepitaxy. The latter, in contrast 

to homoepitaxy, means depositing a material on top of a different and lattice-mismatched one, which 

will lead to strain relaxation mechanisms that can deform the crystal. As for homoepitaxy, it leads to 

better crystalline quality, but the convenient matched substrates or templates are generally much more 

scarce or costly. In the case of III-N semiconductors, Si and sapphire substrates are commonly used, 

since they are cheap and of very high crystalline quality. 

 

1.3.1 Main existing epitaxial growth techniques 

 

To grow III-N semiconductors, two main epitaxial growth techniques exist: 

 The VPE method, derived from the CVD technique. This technique uses precursors, generally 

either metalorganic (for the MOVPE technique [255]) or hydride (for HVPE [256]) 

compounds, containing the elements required for nitride growth. For instance, in MOVPE, 

used Ga- and N-precursors can be respectively trimethylgallium (TMGa) or triethylgallium 

(TEGa) and ammonia (NH3). Brought by a carrier gas (generally hydrogen (H2) or nitrogen 

(N2)), these precursor compounds impinge in vapor phase on the substrate mounted on an 

oven inside a reactor. A chemical reaction then occurs at the heated substrate surface: the 

precursors first decompose in the absence of oxygen (pyrolysis), leaving the atomic elements 

to be incorporated on the substrate surface. Next, these species bond to the surface, creating a 

new crystalline layer, whereas the reaction by-products are evacuated out of the reactor by the 

carrier gas. Growth rates can exceed 100 µm/h in VPE. 

 

 The MBE [257] technique, presenting the peculiarity of being operated in an ultra-high 

vacuum (UHV) chamber (typically around 10
-10

 mbar), which results in residual impurity 

concentrations inside grown samples lower than for VPE. Contrary to the latter, the deposition 

is physical: the precursors are the atomic elements themselves, which impinge on the substrate 

at low atomic fluxes to remain in UHV conditions. The latter significantly limit the growth 

rates, which are of the order of 1 µm/h. In addition, growth occurs far from thermodynamic 

equilibrium: it depends much on kinetics and surface phenomena presented in Subpart 1.3.2. It 

must be noted that for nitride growth in MBE, two sources are mainly used for the N atoms: 
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NH3 or N-plasma. In the first case, N is obtained by thermal dissociation of NH3 onto the 

substrate surface, whereas N2 is dissociated by an electronic discharge in the second one.  

These two sources induce different growth conditions, so that comparing the corresponding 

growth mechanisms and parameters is uneasy. In the following of the manuscript, we will 

focus more on the plasma-assisted MBE (PA-MBE) technique used during this PhD. The 

specificities of our setup will be detailed in Subpart 2.1.1. 

In view of the lower growth rates, lower sample homogeneity and reproducibility, but better residual 

impurity concentrations, MBE is much more used in fundamental research, whereas VPE, and 

especially MOVPE, is the most common industrial technique. For both techniques, the sources used 

for metallic and N species must be as pure as possible in order to avoid any contamination by 

undesirable elements. In the following of the manuscript, we will mainly focus on and refer to the 

MBE technique at the center of this work. 

 

1.3.2 Main epitaxial growth mechanisms 

 

1.3.2.1 Main kinetic and surface phenomena 

 

Occurring far from thermodynamic equilibrium, MBE growth mostly depends on the kinetic 

processes illustrated in Figure 1.3.2.1. When reaching the surface of the sample being grown, the 

impinging atoms are first physisorbed: they are adsorbed via Van der Waals forces onto the surface 

(weak interaction with the latter). Then, the adsorbed atoms (called adatoms) which are not 

incorporated yet may diffuse on the surface and/or desorb. In a next stage, the adatoms which did not 

desorb chemisorb, meaning that they form chemical bonds with the sample surface and therefore 

change the chemical nature of the interface. At sufficiently high growth temperatures, the adatoms 

diffuse until being incorporated either by forming stable aggregates (nucleation of precursors, more 

detailed in Subpart 1.3.2.3) or by bonding at step edges (step-flow growth mode, more detailed in 

Subpart 1.3.2.3) [258]. Naturally, the occurrence and the magnitude of these surface phenomena 

depend both on the nature of the impinging atoms and on their local environment on the sample 

surface (chemical nature of this surface, types of sites: dangling bond, vacancy, step edge, etc.). In 

addition, they can be controlled to some extent by adjusting the main growth parameters, which are 

either kinetics-related (growth temperature and impinging atom fluxes) or of geometrical nature (the 

incidence angle of the impinging atoms). Such parameters will be exhaustively defined in Subpart 

2.1.1 dedicated to our MBE setup. 
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Figure 1.3.2.1: Sketch illustrating the main surface phenomena occurring during growth. Taken from [103]. 

We will describe the primary influence of such surface phenomena in the peculiar case of GaN and 

AlxGa1-xN NW growth, respectively in Subparts 2.1.3 and 2.1.4.  

 

1.3.2.2 Strain relaxation mechanisms 

 

A given nitride material is generally grown in heteroepitaxy. In order to keep an epitaxial 

relationship with the material below, the deposited crystal undergoes strain, adapting its lattice 

parameter while storing elastic energy. Above a certain threshold depending on the lattice mismatch, 

this strain must be relaxed, either elastically or plastically. 

Elastic relaxation consists in relieving the excess of stored energy through a shape transition 

which can be mathematically described. For small deformations, the stress 𝜎𝑖𝑗 within the structure is 

indeed related to the strain 𝜖𝑘𝑙 through Hooke’s law: 

  

𝜎𝑖𝑗 =∑∑𝐶𝑖𝑗𝑘𝑙 . 𝜖𝑘𝑙
𝑙𝑘

 

 

(1.3.2.1) 

with 𝐶𝑖𝑗𝑘𝑙 the fourth-ranked tensor of the elastic stiffnesses which can be reduced to a 6 × 6 matrix 

(second-rank tensor) due to the WZ symmetry. Consequently, we can rewrite Equation (1.3.2.1) as 

[126]: 
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(

  
 

𝜎1 
𝜎2
𝜎3
𝜎4
𝜎5
𝜎6)

  
 
=

(

 
 
 

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 (𝐶11 − 𝐶12)/2)

 
 
 

(

  
 

𝜖1
𝜖2
𝜖3
𝜖4
𝜖5
𝜖6)

  
 

 

 

(1.3.2.2) 

where the pairs of indices 𝑘𝑙 = {𝑥𝑥, 𝑦𝑦, 𝑧𝑧, 𝑦𝑧, 𝑧𝑥, 𝑥𝑦} are replaced by the indices {1, 2, 3, 4, 5, 6} to 

lighten notations, like in 1.1.3. Theoretical values of these coefficients can be easily found for bulk 

WZ nitride binaries [105, 259, 260]. Experimental values were also widely reported from 

characterization of either bulk or epilayer samples, for GaN [261-263], AlN [264] and InN [265, 266]. 

Table 1.3.2.1 gives values of several coefficients for GaN and AlN that will be needed for processing 

results of XRD experiments described in Subpart 2.2.2. 

 

 AlN GaN InN 

𝐶13 (GPa) 108 106 91 

𝐶33 (GPa) 373 398 243 

 

Table 1.3.2.1: Values of 𝑪𝟏𝟑 and 𝑪𝟏𝟑 elastic stiffnesses for AlN, GaN and InN, taken from [13, 102]. 

The other way of relieving the stored energy excess is to relax plastically. This consists in either 

introducing dislocations or cracks in the sample, which are both extended defects within the crystalline 

arrangement. In III-N semiconductors, the most common kinds of dislocations are misfit dislocations 

(MDs) and threading dislocations (TDs). MDs, illustrated in Figure 1.3.2.2 (a), are a consequence of 

the mismatch between the substrate and the epilayer. Remaining confined at the interface, they 

efficiently relieve the strain. On the other hand, TDs propagate through the whole layer and can be of 

three types: pure edge, pure screw or mixed. Pure edge and pure screw TDs are depicted respectively 

by Figure 1.3.2.2 (b) and (c). An edge dislocation can be seen as an extra atomic layer in the crystal. 

Their dislocation line vector 𝑙 is perpendicular to the Burgers vector 𝑏⃗⃗. As for screw dislocations, their 

dislocation line vector 𝑙 is parallel to the Burgers vector  𝑏⃗⃗.  
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Figure 1.3.2.2: Sketch of the different types of dislocations: (a) misfit, (b) pure edge, (c) pure screw. Dislocation areas 

are represented in red. Burgers and dislocation line vectors are respectively labeled in orange and green. 

Plastic relaxation commonly occurs in 2D nitride structures grown by heteroepitaxy, which may 

result in a high density of TDs [267] detrimental to light emission efficiency [144]. In nitride 

epilayers, typical TD densities over the 10
7
 – 10

10
 cm

-2
 range are commonly observed. In contrast, 

given the PhD context, we mainly expected to deal with elastic relaxation processes when growing 

AlxGa1-xN/GaN NW heterostructures, due to efficient strain relief by NW sidewalls. Indeed, plastic 

relaxation only occurs during nitride NW nucleation through a MD which remains at the 

NWs/substrate interfaces [268], so that NWs are expected to be dislocation-free, unless peculiar NW 

growth is performed. For instance, dislocations were observed in core/shell GaN/AlN [103, 269] and 

In-rich InGaN/GaN [270] NWs with thick shells obtained in specific conditions.  

 

1.3.2.3 Main epitaxial growth modes 

 

First, we will shortly present the three main primary growth modes by which nitride films grow 

epitaxially on top of a crystalline substrate or a given nitride material previously deposited. Depending 

on the chemical potential of the first few deposited layers, one mode will be favored with respect to 

the others. Such potential is mostly function of the strain in these layers and of the kinetics (growth 

temperature and impinging fluxes), favoring either adatom-adatom (3D clustering or islanding) or 

adatom-surface (smoother layer) interactions. These three modes, illustrated in Figure 1.3.2.3, are the 

following: 

 The Frank-van der Merwe (FM) mode, namely the layer-by-layer growth. Adatoms 

progressively incorporate on the surface until a full layer is completed. In the case of 2D 

nitride growth by MBE, such mode is typically observed when growing a material in 
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homoepitaxy in N-rich (ratio of impinging metal atomic flux over N inferior to 1) or very 

slightly metal-rich (ratio remaining close to 1) conditions over growth temperature ranges 

ensuring proper adatom diffusion while limiting their desorption (typically 650-750°C). It is 

also obtained for growth of strained nitride material over the same growth temperature ranges, 

but in regimes metal-rich enough to accumulate a Ga bilayer. Consequently, the FM mode 

allows the growth of nitride 2D layers such as QWs [191] or thicker films [271]. It is notably 

used to calibrate the atomic fluxes of our MBE setup, as described in Subpart 2.1.2.3. 

 The Volmer-Weber mode (VW), consisting in the direct formation of 3D islands on top of the 

surface, through elastic relaxation. In the case of 2D nitride growth by MBE, such mode was 

less sought and reported, in view of the lower structural quality of films resulting from the 

coalescence of 3D islands [272, 273]. 

 The Stranski-Krastanov mode (SK), which is a combination of the FM and VW modes: layer-

plus-island. In the case of 2D nitride growth by MBE, such mode is commonly observed when 

growing a given nitride material in compression on top of another one, in N-rich conditions or 

over higher temperature ranges than FM mode to increase metal adatom desorption. It has 

been widely used to grow nitride QDs on 2D layers such as GaN/AlN [274] or InGaN/GaN 

dots [275]. 

In addition, two other growth modes, sketched in Figure 1.3.2.3 as well, can originate from the 

primary ones: 

 The step-flow mode, which actually derives from the FM mode. Indeed, in the case of 2D 

nitride growth by MBE, we can transit from the FM mode to the step-flow one by simply 

increasing the impinging metal flux to be in metal-richer conditions, while remaining over the 

same growth temperature ranges convenient for 2D growth. Doing so improves the mobility of 

metal adatoms so that they can more easily incorporate at step edges. This growth mode was 

demonstrated to give layers of better structural quality than the FM mode, given that the metal 

excess limits the surface roughening resulting from N-rich growth [276, 277]. 

 The columnar growth mode, namely self-induced NW growth. In the case of nitride growth by 

MBE, such mode stems from the VW one, when growing on mismatched substrates like Si 

wafers. Indeed, 3D island precursors are first formed through elastic relaxation on the 

substrate surface, before relaxing into NW by introduction of MDs remaining at the 

NW/substrate interfaces [268]. As previously mentioned, we will detail the peculiarities of 

nitride NW growth by PA-MBE in Subparts 2.1.3 and 2.1.4. 
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Figure 1.3.2.3: Various growth modes possible in PA-MBE. Primary modes: (a) Frank-van der Merwe mode, (b) 

Volmer-Weber mode, (c) Stranski-Krastanov mode. Additional mode:  (d) Step-flow mode, (e) Self-induced columnar 

mode (misfit dislocations shown in red). 

By extension, all the three primary modes can be retrieved in the case of nitride NW growth by MBE. 

First, as already mentioned, the VW mode is involved in the nucleation process of nitride NWs. 

Second, similarly to the “layer-by-layer” 2D growth (FM), the equivalent mode for nitride NWs, 

which could be called “section by section”, occurs for typical NW growth conditions: weakly strain-

affected, N-rich regime and growth temperature range convenient for NW growth. Last, the SK mode 

can be triggered when growing a nitride material NW section in compression on top of the previous 

one. However, reaching conditions favorable to the SK transition is less trivial than in the 2D case, as 

compressive strain is efficiently relaxed by the NW sidewalls. To hinder such relaxation, the NWs can 

be widened to allow the SK mode, as theoretically predicted [278] and experimentally observed [225]. 
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2. Experimental methods 

 

2.0 Introduction 

 

This second chapter is aimed at presenting the numerous techniques used to grow and characterize 

our NW samples during this PhD. First, after a brief overview in chapter 1 of the MBE growth 

technique, the latter will be more detailed in the following: we will especially focus on the 

peculiarities of our MBE setup and its use for growing GaN NW templates and AlxGa1-xN NW 

sections on top. In a next stage, the structural and optical characterization techniques used during this 

PhD work will be described. For a given technique, the related description will be more or less 

exhaustive, depending on its complexity, its contribution to the PhD results and the amount of time it 

was used. We will particularly insist on the interest and application of such techniques in the PhD 

context and provide the main technical details required for a full understanding of performed 

experiments and associated results. 

 

2.1 Our growth technique: plasma-assisted molecular beam epitaxy (PA-MBE) 

 

2.1.1 Presentation of the molecular beam epitaxy setup 

 

2.1.1.1 The molecular beam epitaxy chamber 

 

All the samples synthesized during this experimental work were grown in a PA-MBE setup 

designed by the company MECA2000. As sketched below in Figure 2.1.1.1 (a), the sample is placed 

inside our MBE chamber in which an UHV below 10
-10

 mbar can be reached (even below 5.10
-11 

mbar 

after a few weeks of pumping) thanks to a pumping system composed of a primary pump (scroll 

pump) and several secondary pumps (two turbo-molecular pumps and one ionic pump). UHV 

conditions ensure not only a very low rate of residual impurities in grown samples, as already 

mentioned in Subpart 1.3.1, but also ballistic trajectory for atoms during growth. In this case, their 

mean free path (about 10 m) is by far superior to the distance separating the effusion cells from the 

sample: we are working in what is called the Knudsen conditions. Samples can be introduced or taken 

out without degrading the chamber vacuum (especially with impurities such as oxygen) thanks to two 

airlocks: the entrance airlock is exposed at ambient air when recuperating samples and is pumped 
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around 10
-8

 mbar otherwise, whereas the transfer airlock remains over a 10
-10

-10
-8

 mbar range. Most 

impurities which were not removed by pumping within the chamber are trapped by a cryopanel cooled 

down by liquid nitrogen. The latter is necessary when operating effusion cells at high temperatures 

(above 800°C) during growth, as the panel area which surrounds the cells would expand too much and 

break otherwise. Several Bayard-Alpert gauges are placed in the chamber and airlocks to measure 

residual pressure in real time, whereas a quadrupole mass spectrometer (QMS) gives us the 

composition of residual gases in the chamber. 

 

Figure 2.1.1.1: (a) Sketch of the Meca2000 PA-MBE machine used to grow samples during this PhD. (b) Schematic of 

the principle of growth in a PA-MBE. From [103]. 

 

2.1.1.2 The effusion and plasma cells 

 

Regarding the effusion cells, each one contains loads of a pure metallic element (Al, Ga or In) or 

dopants (Si for n-doping, Mg for p-doping) placed in a pBN crucible. Load purities are typically 

comprised between 6N and 8N (𝑥N means less than one atomic impurity per 10
x
 atoms). The 

temperature 𝑇𝑒𝑙𝑒𝑚𝑒𝑛𝑡 of each effusion cell can be varied to tailor the related atomic flux 𝜙𝑒𝑙𝑒𝑚𝑒𝑛𝑡 

required for the sample growth. At high effusion cell temperatures, the partial pressure is of the order 

of 10
-7

-10
-6

 mbar for the related metallic element gas-phase. As for the N plasma cell, from the 

company RIBER, it dissociates N2 molecules thanks to a radio-frequency (RF) electronic discharge. In 

this case, both the flux of the incoming stream of N2 molecules and the RF power injected in the 

plasma are parameters to tune the atomic flux. Given that only 1% of N2 is dissociated, the N2 flux is 

set at a related partial pressure of about 10
-5

 mbar, in order to have an active N flux 𝜙𝑁 of the same 

order of magnitude as the metallic fluxes 𝜙𝑚𝑒𝑡𝑎𝑙𝑠. Such conditions put us on the edge of the ballistic 
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regime and are typically reached with the following parameters: a N2 flux of 0.6 sccm (standard cubic 

centimeters per minute) and a RF power 𝑊𝑝𝑙𝑎𝑠𝑚𝑎 of 300 W for the plasma cell mostly used during this 

PhD. Another plasma cell, also manufactured by RIBER, allowing higher growth rates, and operating 

at 𝜙(N2) = 1.4 sccm, 𝑊𝑝𝑙𝑎𝑠𝑚𝑎 = 450 W, was mounted and used for a few months, before being 

replaced by the initial one because of malfunction. The various 𝜙𝑚𝑒𝑡𝑎𝑙𝑠 fluxes can be measured by a 

pressure gauge installed in place of the sample. However, these measurements are not very accurate 

and do not allow us to know 𝜙𝑁. We will see in the following a more convenient method based on the 

monitoring of nitride 2D layer growth thanks to reflection high energy electron diffraction (RHEED) 

we describe afterwards in Subpart 2.1.2.3. All the cells have their own shutter to prevent the atomic 

beams from reaching the sample when required. 

As for the geometrical configuration of cells, they are all disposed along an arc centered on the 

sample so that all the atomic beams converge towards the sample center, as displayed in Figure 2.1.1.1 

(b). Consequently, assuming constant and collimated atomic beams leaving the cells, the atomic fluxes 

impinging on the sample surface depend on the beam incidence angle with respect to the sample 

surface normal (𝜃 not equal to 0 for most cells). The sample can be also tilted away from the main axis 

of the MBE chamber, in order to change the incidence angle of the atomic beams. However, this tilt 

angle 𝜃𝑠𝑢𝑏𝑠 was set to 0° for every growth run. The sample is initially a 2-inch bare Si (111) wafer 

used as a substrate for most NW growth runs and is mounted indium-free on a molybdenum holder (a 

molyblock) with a hole, in opposition to the method often used to stick smaller substrates with indium 

by capillarity. Finally, the sample can be rotated (at about 5 rpm) during growth in order to ensure the 

flux homogeneity on the substrate. Figure 2.1.1.2 introduces notation formalism used in the following 

of the manuscript. 

 

2.1.1.3 The regulation of sample temperature 

 

In order to tune the diffusion of atoms that have just impinged and adsorbed on the sample surface 

(adatoms), or desorption of these adatoms, the substrate temperature can be regulated by an oven 

comprising a tungsten filament heating the sample backside by radiation. Nonetheless, due to the 

UHV, the temperature of the substrate and its environment are not homogeneous, which makes the 

accurate temperature measurement of the surface not trivial. Three parameters can be used to estimate 

this temperature, as indicated in Figure 2.1.1.2: 

 The temperature 𝑇𝑠𝑢𝑏𝑠 measured by a thermocouple in contact with the sample rear side. 

Nevertheless, this method is far from being accurate or reproducible. Indeed, the measurement 

depends on the environment geometry, which implies significant variations of the measured 
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temperature as function of the used molyblock or the exact position of the thermocouple with 

respect to the sample. 

 The electrical power in the oven filament 𝑃𝑜𝑣𝑒𝑛. However, like the previous method, using this 

parameter does not ensure accurate or reproducible measurement. Indeed, the filament ages on 

a time scale of several months and its diameter progressively decreases, which increases the 

filament resistance and consequently its efficiency. In addition, the molyblock thermal inertia 

is not negligible. 

 The characteristic desorption time of metallic adatoms 𝑡𝑑𝑒𝑠 on the bare Si (111) surface, 

especially of Ga adatoms 𝑡𝑑𝑒𝑠
𝐺𝑎  in view of our growth temperature range, probed in situ by 

RHEED. This method is considered as the most reliable, when comparing several growth runs 

performed on various molyblocks, and will be detailed a bit further in Subpart 2.1.2.2  Hence, 

the calibration of substrate temperature as function of desorption time was systematically 

carried out prior to each growth. It must be known that temperature is inhomogeneous along 

the substrate radius due to the oven geometry, which can induce significant measurement 

errors if the calibration is not carefully performed at the Si wafer center. To a lesser extent, 

surface roughness can also be a source of error.  

In the following chapters, desorption times must be firstly considered when checking and 

comparing sample growth conditions. The related substrate temperatures 𝑇𝑠𝑢𝑏𝑠 given in °C are those 

displayed by the thermocouple, unless specified otherwise, and will be also given if the thermocouple 

was operational at the time of the growth. As already mentioned, these thermocouple temperatures are 

far from being absolute, especially when comparing with reports published by other laboratories, and 

tend to be overestimated.  It must also be noted that the temperature gradient along the substrate radius 

depends on the geometry of the mounted oven and its filament. This gradient is more significant when 

using an oven comprising a round filament, in comparison with the flat filament we mainly worked 

with. In both cases, a mainly monotonous decrease of the temperature from the center to the edge is 

obtained. Starting from the center, the temperature difference remains low along the first 10-15 mm of 

the 1-inch radius, ensuring a rather homogeneous growth over the related substrate area, but gets 

abrupt for the last 10 mm and reaches at least 30-35°C with respect to the center [103]. Such a 

difference can be advantageously used to explore different growth conditions on a single substrate. 
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Figure 2.1.1.2: Sketch of the MBE chamber giving the main notation formalism. 

 

2.1.1.4 In situ monitoring with reflection high energy electron diffraction (RHEED) 

 

In order to monitor the sample surface in situ, a RHEED gun is installed in the chamber. A 

collimated electron beam (spot size of the order of 1 mm) is emitted from this gun towards the sample 

at grazing incidence (small angle, typically of the order of 2-3°) and the resulting diffracted beam 

pattern can be observed on a phosphorescent screen. The latter is recorded in real-time with a camera, 

which allows a numerical analysis. In virtue of the wave-particle duality, the impinging electrons have 

a de Broglie wavelength 𝜆, associated to their momentum 𝑝 by 𝜆 = ℎ/𝑝 with ℎ the Planck constant. 

When accelerated by a high voltage, the speed of the extracted electrons is close to the speed of light 𝑐 

[279]. Thus, the relativistic expression of the momentum 𝑝 must be considered: 

  

𝜆𝑒− =
ℎ

√2𝑚0𝑒𝑉 (1 +
𝑒𝑉

2𝑚0𝑐
2)

 

 

(2.1.1.1) 

with 𝑚0 the rest mass of the electron, 𝑒 its charge and 𝑉 the accelerating voltage. In our case, the 

accelerating voltage used is 32 kV, so that the electron wavelength is equal to about 0.00675 𝑛𝑚. The 

incident electron beam is scattered by the atoms of the first atomic layers of the surface for which 

periodicity gives rise to a diffraction pattern at specific azimuthal angles (rotation axis parallel to the 

sample surface normal). This diffraction pattern corresponds to the intersection of the surface 

electronic density Fourier transform with the Ewald sphere of radius 𝑘0 =
2𝜋

𝜆𝑒−
, as shown in Figure 

2.1.1.3.  
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Figure 2.1.1.3: Sketch illustrating the principle of RHEED. Taken from [103]. 

Real-time analyses of such patterns enable to follow ongoing modifications of the surface during 

growth. Figure 2.1.1.4 illustrates some of the typical RHEED patterns and their associated surface 

morphology. 

 In the ideal case of a perfect surface, the surface electronic density Fourier transform consists 

in rods perpendicular to this surface. The intersection of the Ewald sphere with these rods 

corresponds to infinitesimal spots placed on an arc. In practice, streaks are obtained instead of 

spots due to the non-ideal character of the experiment [280]. Indeed, rods have a finite 

thickness because of thermal agitation within the crystal. Moreover, the beam slightly diverges 

both in angle and in energy, which results in a dispersion in 𝑘0, the radius of the Ewald 

sphere: the latter is not an ideal sphere but has a shell with a finite thickness Δ𝑘0. Finally, the 

Ewald radius is much larger that the characteristic dimensions of the reciprocal lattice 

(𝑘0 ≅ 930 nm
-1

 whereas 𝑎∗ =
2𝜋

𝑎
 is over the 10-20 nm

-1
 range for probed Si and nitride 

materials). In other words, the Ewald sphere is almost flat in the area where it intersects the 

rods, so that the real intersection occurs on a certain length [281]: hence, we observe long 

streaks parallel to the sample surface normal.  

 For a polycrystal, all sorts of in-plane periodicities can be encountered. The rods are oriented 

in all directions and intersect the Ewald sphere nearly everywhere. Consequently, the observed 

pattern has a ring-shape. In terms of epitaxy, the apparition of such a ring-like pattern 

generally means that grains with different orientations are growing, signs of a poor crystal 

quality. 

 If the surface contains small surface steps or a certain degree of roughness, the diffraction 

pattern is seen by transmission through the asperities. In this particular case, the spots are not 

to be confused with the intersection of infinitesimal surface rods with the Ewald sphere. 

Hence, the intensity of the streaks we would obtain with a flat surface is modulated, which 

gives sort of uncomplete streaks on the pattern [282]. 
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 If islands are present on the surface, diffraction on the island facets induce additional lines on 

the pattern. More specifically, islands high enough such as NWs introduce an out-of-plane 

periodicity, which is visible on the pattern by transmission of the electron beam through the 

other islands. RHEED spots lengthen due to the rods on the facets. 

 

Figure 2.1.1.4: Sketches of several typical surface morphologies that can be obtained when growing and their related 

RHEED patterns. Taken from [103]. 

It must be known that most electrons do not undergo single elastic scattering but multiple ones 

[283]. Consequently, we usually do not draw quantitative data from the RHEED diffracted intensities. 

However, values can be extracted from the periodicity observed in the patterns. For small enough 

beam incidence angles, the horizontal distance ∆𝑥 between two fringes (or two arrays of spots) on the 

RHEED pattern can be related to the inter-planar in-plane distances 𝑑 by ∆𝑥 = (𝜆𝑒−  𝐷)/𝑑 where 𝐷 is 

the distance between the surface of the probed sample and the RHEED screen, typically of the order of 

1 m. As we are in reciprocal space, the distance between two fringes on the screen is inversely 

proportional to the d spacing.  

As already mentioned, RHEED is necessary for calibration of temperature before growth and of 

atomic fluxes that we will describe in Subparts 2.1.2.2 and 2.1.2.3, respectively. 
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2.1.2 Preparation of substrates and calibrations 

 

2.1.2.1 Preparation of substrates 

 

During this PhD, we mainly used Si (111) wafers. For nitride NW growth by MBE, such 

substrates combine numerous advantages compared to other substrates commonly used for nitride 

growth such as sapphire or SiC. Indeed, they are first much cheaper. Second, their manufacturing, 

especially by Czochralski process, is perfectly mastered, which results in ultra-high quality wafers. 

Last, both their p- and n-doping are completely controlled. Contrary to 2D heteroepitaxy, their large 

lattice mismatch with nitrides (17% with GaN and 19% with AlN) is not an issue here, as nitride NWs 

plastically relieve this mismatch at the interface, allowing the crystal to subsequently grow with a 

perfect crystalline quality [268]. The Si (111) wafers used for our growth runs were 2-inch wide, 

highly n-doped (equivalent resistivity lower than 0.005 Ω. cm) and 275 µm thick.   

Such Si wafer must be deoxidized before its introduction in the MBE chamber. To do so, it is 

dipped in hydrofluoric acid (HF) diluted at 10% during 45 s ± 3 s to remove the native SiO2 oxide 

from its surface, and rinsed with deionized water. Then, it is immediately placed onto the internal rim 

of a molyblock and maintained thanks to two molybdenum clamps. Once the molyblock is positioned 

onto the MBE chamber oven, the wafer is preheated for 30 minutes at about 300°C in order to outgas 

possible hydrocarbons from its surface, before rising temperature up to about 900°C for about 15 

minutes in order to remove the few remaining oxide. Over a certain temperature range, a neat and 

typical Si (111) 7 × 7 reconstruction appears on RHEED screen [284-289] (absolute temperature 

range of the order of 600-850°C), if the wafer surface was properly cleaned. This re-arrangement of 

the topmost atomic monolayer (ML) is a well-known phenomenon occurring in UHV conditions to 

minimize the crystal energy. The atoms of this topmost layer change periodicity, which is 7 times 

larger than the bulk atoms underneath in the case of Si (111). Figure 2.1.2.1 shows a schematic 

representation of the 7 × 7 reconstruction and the corresponding RHEED patterns for two specific 

azimuths: [112̅] and [11̅0] when expressed with indices belonging to the Si cubic cell, which 

correspond to [11̅00] and [112̅0] in the Si reduced hexagonal cell, respectively, more convenient 

when working with WZ nitrides (see Annex 1.3).  
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Figure 2.1.2.1: (a) 7 X 7 Si (111) surface reconstruction structure (top view at the top and side view at the bottom). (b) 

7 X 7 Si (111) surface reconstruction observed on RHEED along [𝟏𝟏𝟐̅] and [𝟏𝟏̅𝟎] azimuths, taken from [103]. 

 

We also worked sometimes with 10 mm x 10 mm pieces of GaN (or AlN) epilayers grown on c-

plane sapphire, for atomic flux calibrations detailed in Subpart 2.1.2.3. Such pieces must be degreased 

before being stuck with In on a plain molyblock by capillarity. To do so, they are successively dipped 

in dichloromethane, acetone and methanol for 5 minutes each. Once the molyblock is introduced in the 

chamber, the temperature is raised for atomic flux calibrations over ranges typically used for growing 

GaN or AlN 2D layers (of the order of 650-750°C). It must be noted that the temperature cannot be 

raised much above 750°C without risking of unsticking the bulk piece. 

 

2.1.2.2 RHEED calibration of growth temperature with a Si (111) wafer  

 

As previously mentioned in Subpart 2.1.1.3, a procedure was used to calibrate the substrate 

surface temperature prior to each growth on Si (111) wafer. This reported procedure relies on the 

dependence of Ga desorption time 𝑡𝑑𝑒𝑠
𝐺𝑎  on the substrate temperature [290, 291]. In practice, we follow 

the 7 × 7 reconstruction transient response for the [112̅] azimuth while operating the Ga shutter, as 

illustrated in Figure 2.1.2.2. 
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Figure 2.1.2.2: (a) 7 X 7 Si (111) surface reconstruction transient response. The Ga shutter is opened at the end of 

zone A. Zone B corresponds to the 10 s period during which the Si surface is covered with Ga adatoms. At the end of 

Zone B, the Ga shutter is closed. The delay between the Ga shutter closure and the end of Step C corresponding to the 

first inflexion point is defined as the Ga desorption time 𝒕𝒅𝒆𝒔
𝑮𝒂 . (b) Transient responses recorded at various substrate 

temperatures (highest to lowest 𝑻𝒔𝒖𝒃𝒔 from top to bottom) with 10 s of Ga deposition (similar to zone B in (a)). For low 

𝑻𝒔𝒖𝒃𝒔, the RHEED intensity does not reach a constant value in zone B but keeps decreasing, meaning that we are no 

longer in the Ga auto-regulated regime mentioned below. Taken from [291]. 

Once the temperature of the substrate is stabilized, its surface is exposed to a Ga flux 𝜙𝐺𝑎 during 10 s: 

as exhibited in Figure 2.1.2.2 (a), which shows a typical transient response obtained for the procedure, 

this Ga coverage leads to a drop of the 7 × 7 reconstruction RHEED intensity (zone B). After 10 s, the 

Ga shutter is closed: while Ga atoms are no longer provided, the ones already adsorbed on the Si (111) 

surface start to desorb, as the 7 × 7 intensity rises. Two stages can then be identified, distinguished by 

the inflexion point between zones C and D. Figure 2.1.2.2 (b) shows transient responses obtained at 

different substrate surface temperatures displayed by the thermocouple. It can be seen that the 

inflexion point delimiting zones C and D is sensitive to the temperature change. Hence, the time 

between the Ga shutter closure and the inflexion point, which defines the characteristic desorption 

time introduced in Subpart 2.1.1.3, directly reflects the wafer surface temperature, allowing 

reproducibility from sample to sample whatever the molyblock holding the Si wafer (the related 

measurement uncertainty is of the order of 0.2 s). In view of the decrease in temperature along the 

wafer radius described in Subpart 2.1.1.3, the calibration must be carefully performed at the wafer 

center every time in order to ensure this reproducibility. To do so, we first measure, for a given 

filament electrical power or a given thermocouple temperature, Ga desorption times at several electron 

beam positions on the wafer, the smallest measured desorption time corresponding to the substrate 
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center area. This procedure is very reliable since the characteristic desorption time 𝑡𝑑𝑒𝑠
𝐺𝑎  is stable when 

changing 𝜙𝐺𝑎 and Ga deposition time over wide ranges, a consequence of the Ga auto-regulated 

regime [292], as shown in Figure 2.1.2.3.  

 

 

Figure 2.1.2.3: (a) Ga desorption time 𝒕𝒅𝒆𝒔
𝑮𝒂  versus Ga flux 𝝓𝑮𝒂, for a given substrate temperature 𝑻𝒔𝒖𝒃𝒔. Ga shutter 

was opened during 10 s. It can be seen that 𝒕𝒅𝒆𝒔
𝑮𝒂  remains stable (around 16 s) in zone C2, over about a  𝝓𝑮𝒂 decade. (b) 

Transient responses recorded for several Ga deposition durations (3, 10, 20 and 60 s), with 𝝓𝑮𝒂 = 𝟎. 𝟐𝟓 ML/s, value 

belonging to zone C2 in (a). 𝒕𝒅𝒆𝒔
𝑮𝒂  remains stable as well, around 16 s. From [292]. 

It can also be used to evaluate the real Si (111) surface temperatures. Indeed, we previously 

mentioned in Subpart 2.1.2.2 that the 7 × 7 reconstruction disappears above about 850°C according to 

the literature. Consequently, by comparing the temperature of the 7 × 7 reconstruction disappearance 

displayed by the thermocouple to the real one, we can estimate the discrepancy between displayed and 

real temperatures [103]. In practice, such estimation remains rough, since the values of the 7 × 7 

temperature reported in literature vary over the 830-870°C range [285, 287, 289], and is valid only for 

temperature ranges close to the 7 × 7 disappearance temperature, such as typical NW growth 

temperatures. From the knowledge of this discrepancy, abacus of roughly estimated wafer surface 

temperature as a function of Ga desorption time can be deduced [103]. However, unless specified 

otherwise, temperatures given in °C in the following chapters will still be those displayed by the 

thermocouple, mainly for two reasons. First, the shift with respect to the real temperature can vary 

with both the oven, which was changed during PhD, and the used molyblocks, in addition to the 

uncertainty on the real 7 × 7 disappearance temperature. Second, in some cases, we will work over 

wide temperature ranges for which the simple shift subtraction performed above is not accurate.  
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2.1.2.3  RHEED calibration of atomic fluxes  

 

After each maintenance opening of the MBE chamber, especially when metallic cells are refilled, 

the calibration of effective Al, Ga and N atomic fluxes must be performed. Note that an atomic flux 

said to be effective (written 𝜙𝑒𝑓𝑓 in the following) refers to the impinging atoms that will be 

incorporated, excluding the atom flux losses caused by the setup geometry (beam incidence angles), 

adatom diffusion out of the sample surface or adatom desorption. Such calibration is done through the 

observation of RHEED oscillations when growing GaN or AlN 2D layers [293] over a bulk GaN 2D 

template. The principle is based on the monitoring of the specular RHEED spot intensity during the 

growth of a 2D layer in the Frank-van der Merwe mode described in Subpart 1.3.2.3 (ML by ML). 

This specular RHEED spot results from the simple reflection of the electron beam on the substrate 

surface. On the one hand, when a ML is completed, the roughness of the surface reaches a minimum, 

implying its larger reflectance. Hence, the specular RHEED spot intensity reaches a local maximum in 

this case. On the other hand, when a ML is half completed, the several islands constituting the 

uncompleted ML increase the surface roughness, which induces a more pronounced scattering of the 

impinging electrons and then results in a loss of intensity for the specular spot. Therefore, during one 

oscillation of the specular RHEED spot intensity, a ML was grown. Such calibration method allows us 

to determine a growth rate in ML/s. An example of RHEED oscillations observed during the growth of 

GaN is shown in Figure 2.1.2.4.  
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Figure 2.1.2.4: (a) Experimental RHEED oscillations recorded when growing a GaN 2D layer. (b) Principle of the 

RHEED oscillation technique used to calibrate the atomic fluxes is illustrated: when considering one period, the 

RHEED intensity is minimal when the top layer being grown is half completed (3) and maximal for fully completed 

top layers (1 and 5). The oscillations shown are those from the orange frame in (a).   

For nitride growth, the protocol used to estimate the growth rates from RHEED oscillations is as 

follows. One of the atomic fluxes is kept constant, usually the N flux, whereas the other one, usually 

the metal flux, is tuned over a wide flux range by changing the related cell temperature. If the growth 
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rate increases when increasing the metal flux, the metal is the limiting reactant, i.e. the N flux is larger 

than the metal flux and the growth is in the so-called N-rich regime. In this case, the growth rate 

depends on the effective metal flux 𝜙𝑚𝑒𝑡𝑎𝑙
𝑒𝑓𝑓

. If the growth rate does not increase when increasing the 

metal flux, then N is the limiting reactant, i.e. the metal flux is larger than the N flux and the growth is 

in the so-called metal-rich regime. In this case, the growth rate depends on the effective N flux 𝜙𝑁
𝑒𝑓𝑓

. 

An example of calibration curves obtained for several metallic cells with this method is shown in 

Figure 2.1.2.5. The inflexion point for a given curve defines the cell temperature at which 

stoichiometry is reached for this cell. Between two MBE maintenance openings, typically separated by 

3 to 6 months, fluctuations in the atomic fluxes in a range of 5-10% can be expected, so that the 

accuracy of the fluxes given throughout the manuscript is of this order. 
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Figure 2.1.2.5: Calibration curves obtained from the RHEED oscillation technique, for: (a) a Ga cell, (b) an Al cell. 

The green and dark dashed lines are guides for the eyes (deposition rate axis on logarithm scale) in the N-rich region 

and for the limiting N flux 𝝓𝑵 in the metal-rich region, respectively. 

Knowing the nitride binary growth rates, the effective atomic fluxes 𝜙𝑒𝑓𝑓 can be derived by 

adapting the following relationship derived from previously reported models [294, 295]: 

  

𝜂𝑏𝑖𝑛𝑎𝑟𝑦 =
𝜙𝑚𝑒𝑡𝑎𝑙 cos(𝜃𝑚𝑒𝑡𝑎𝑙,ℎ𝑘𝑖𝑙) + 𝜙𝑁 cos(𝜃𝑁,ℎ𝑘𝑖𝑙)

𝜎𝑏𝑖𝑛𝑎𝑟𝑦,ℎ𝑘𝑖𝑙
 

 

(2.1.2.1) 

where 𝜂𝑏𝑖𝑛𝑎𝑟𝑦 is the growth rate for a given nitride binary, 𝜙 are the atomic fluxes leaving the cells 

(adatom diffusion and desorption losses neglected in the formula above), 𝜎𝑏𝑖𝑛𝑎𝑟𝑦,ℎ𝑘𝑖𝑙 = 𝜎𝑚𝑒𝑡𝑎𝑙,ℎ𝑘𝑖𝑙 +

𝜎𝑁,ℎ𝑘𝑖𝑙 is the atomic surface density (see Table 1.1.1.2 for atomic surface density values) for a given 

incident plane (ℎ𝑘𝑖𝑙) and 𝜃 is the incidence angles between the atomic beams and the normal to the 

incident plane (ℎ𝑘𝑖𝑙).  
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Indeed, for the N-rich regime, the effective metal flux 𝜙𝑚𝑒𝑡𝑎𝑙
𝑒𝑓𝑓

  being the limiting factor here, we can 

rewrite Equation (2.1.2.1) as: 

  

𝜂𝑏𝑖𝑛𝑎𝑟𝑦 =
2𝜙𝑚𝑒𝑡𝑎𝑙

𝑒𝑓𝑓

𝜎𝑏𝑖𝑛𝑎𝑟𝑦,0001
 

 

(2.1.2.2) 

whereas, for the metal-rich regime, the effective 𝑁 flux 𝜙𝑁
𝑒𝑓𝑓

 being the limiting factor now, we obtain: 

  

𝜂𝑏𝑖𝑛𝑎𝑟𝑦 =
2𝜙𝑁

𝑒𝑓𝑓

𝜎𝑏𝑖𝑛𝑎𝑟𝑦,0001
 

 

(2.1.2.3) 

We directly notice that the AlN and GaN growth rate maximal values, corresponding to the growth 

rate 𝜂𝑆𝑡𝑜𝑖𝑐ℎ𝑖𝑜 at stoichiometry, slightly differ, due to the different atomic surface density 𝜎 for these 

binaries. It must be noted that the metal and N fluxes leaving the cells, 𝜙𝑚𝑒𝑡𝑎𝑙 and 𝜙𝑁, can be roughly 

estimated, neglecting the adatom diffusion and desorption losses, knowing the experimental geometry 

(namely the incidence angles), and using 𝜙𝑚𝑒𝑡𝑎𝑙 = 𝜙𝑚𝑒𝑡𝑎𝑙
𝑒𝑓𝑓

/ cos(𝜃𝑚𝑒𝑡𝑎𝑙,0001) as well as 𝜙𝑁 =

𝜙𝑁
𝑒𝑓𝑓
/ cos(𝜃𝑁,0001). 

We will see in Subpart 2.1.4 that, in practice, the effective growth rates are different when growing 

NWs, since surface phenomena such as Ga adatom diffusion are much more significant in the latter 

case compared to the present 2D layer growth-based calibration. Specific calibration can be performed 

in order to improve the accuracy of growth rate measurements in the NW case and will be detailed 

afterwards in Subpart 2.1.4.2. 

 

2.1.3 GaN nanowire growth 

 

2.1.3.1 GaN nanowire growth on Si (111) 

 

Nucleation of GaN NWs grown by PA-MBE on bare Si (111), like those shown in Figure 2.1.3.1 

(a), is self-induced (no catalyst required) and mostly occurs in the N-rich regime and for high substrate 

temperatures, where desorption and even decomposition of GaN become significant [227]. Such 

nucleation conditions can be summed up in a growth diagram [296], as shown in Figure 2.1.3.1 (b). 

For practicality, in the following of the manuscript, only the flux ratio referred to as the III/N ratio will 

be given, instead of the absolute values of the atomic fluxes. From the growth diagram, it can be seen 

that nucleation of NWs occurs more easily when using III/N ratios lower than 1 (N-rich regime) and 

growth temperatures higher than those typically used for 2D layer growth. However, NWs can also be 
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grown with an III/N ratio above 1 at even higher temperature [297], due to the more significant 

desorption of Ga adatoms.  

 

Figure 2.1.3.1: (a) GaN NWs grown by PA-MBE on bare Si (111). (b) Growth diagram for the self-organized 

nucleation of GaN NWs on Si (111), as function of the Ga flux 𝝓𝑮𝒂 and the substrate temperature 𝑻𝒔𝒖𝒃𝒔. From [296]. 

Similarly to NW nucleation conditions, the NW density is directly related to kinetic parameters 

and gets lower for higher substrate temperature, as shown in Figure 2.1.3.2 (a), or for lower III/N ratio 

[298, 299]. This trend can be explained in terms of incubation time, which corresponds to the duration 

required for the 3D island precursors to reach their kinetics-independent critical size and relax into 

NWs [268].  As exhibited in Figure 2.1.3.2 (b), this incubation time increases when increasing 

substrate temperature or decreasing the III/N ratio [300]. In other words, due to higher Ga desorption/ 

GaN decomposition or lower supply in Ga adatoms, the size increase of precursors takes longer and 

their formation probability decreases, leading to a lower NW density. Consequently, knowing that the 

temperature progressively decreases along the Si (111) wafer radius, the NW density increases from 

the wafer center to its edge, hence the necessity to perform temperature calibration described in 

Subpart 2.1.2.2 very carefully.  
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Figure 2.1.3.2: (a) GaN NW density at the Si wafer center versus the substrate temperature 𝑻𝒔𝒖𝒃𝒔. Taken from [103, 

298]. (b) Diagram giving the incubation time for GaN NWs nucleation on Si (111), as a function of  𝝓𝑮𝒂 and the 

substrate temperature (𝝓𝑵 fixed). Taken from [300]. 

Moreover, we directly observe from Figure 2.1.3.4 (a) that typical GaN NWs can exhibit a very 

high aspect ratio for long enough growth time. Such a feature can be explained by the quasi-one 

dimensional NW growth, meaning that the NW axial growth rate is much higher than the radial one. 

The latter is mostly the result of the following contributions:  

 The higher stability of non-polar facets with respect to polar facets, as demonstrated by 

surface energy calculations [301].  

 The preferential adsorption and higher stability of N atoms on polar facets, in comparison with 

non-polar facets [29, 114]. 

 The geometry of the incident atomic beams: the angles of beams with respect to the substrate 

(c-plane) normal remain low during our growth runs, contrary to the angles of beams with 

respect to the m-plane normal. Consequently, the radial growth rate remains low, as 

theoretically predicted by geometrical models [294, 295] and experimentally observed [302]. 

 The diffusion of Ga adatoms along the NW sidewalls, for typical NW growth temperature 

ranges. These adatoms were evidenced to reach preferential incorporation sites at the NW top 

[303], despite the existence of rather high diffusion barriers along the 𝑐-axis on NW side 

facets [29]. The contribution of such diffusion to the axial growth rate was shown to be 

particularly significant for NW lengths inferior to the Ga adatom diffusion length [304]. 

Even if it remains low in comparison with the axial growth rate, the radial counterpart is non-

negligible, especially at the beginning of the growth, as NWs were observed to enlarge from the 3D 

island critical size until reaching a wider and constant diameter [298]. This behavior was fully 

explained by a reported growth model emphasizing a self-regulated NW diameter [305]. At a given 

growth temperature, the latter can be increased with the III/N ratio. Indeed, if the NW axial growth 
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rate saturates due to the limited N flux, an increase in the impinging Ga flux will lead to a NW 

enlargement until reaching a new equilibrium. 

When growing longer, coalescence between neighboring NWs is more likely to occur and will 

reduce the NW density [299, 306, 307], as shown in Figure 2.1.3.3. Indeed, the NW first widens, as 

we have just seen that its diameter converges progressively until an equilibrium value. Second, NW 

bundling phenomena were evidenced from a certain critical NW length [307].  

These results observed for GaN NWs nucleated on bare Si (111) can be extrapolated for growth on 

other types of materials such as AlN buffers. We will notably grow NWs on the latter and briefly 

present them in the next subpart. 

 

Figure 2.1.3.3: Evolution of NW density, substrate surface coverage (namely the fill factor) and NW diameter with 

NW length (in order words, growth duration), for GaN NWs grown on Si (111). Model 1 (blue) is based on the 

assumptions of a continuous radial growth of all nanowires and the preferential diffusion of Ga adatoms on the 

substrate toward already existing nanowires so that new nanowires do not nucleate at distances from the existing 

nanowires shorter than the Ga diffusion length on the substrate (taken to be 30 nm). Model 2 (red) simulates the 

coalescence by bundling. In this second model, radial growth is absent, and nanowire nucleation ceases because of the 

shadowing of the substrate from the impinging fluxes by already existing nanowires. From [307]. 



 2.1 Our growth technique: plasma-assisted molecular beam epitaxy 

 73 

 

2.1.3.2 GaN nanowire growth on AlN buffer  

 

An AlN buffer is in fact a thin AlN film (a few nanometer thick) that can be grown on our Si (111) 

wafers or on other substrate materials such as sapphire [308]. As shown in Figure 2.1.3.4, such a 

buffer leads to better GaN NW orientation, as well as better density homogeneity on the substrate, than 

for growth on bare Si (111) [309, 310]. Indeed, in the latter case, the broken-ring RHEED pattern 

highlights a significant twist, i.e. a spread in the in-plane orientation called in-plane mosaicity, and a 

higher average tilt, i.e. an out-of-plane mosaicity, can be directly observed on scanning electron 

microscopy (SEM) images. In addition, for given growth conditions, GaN NW nucleation is faster on 

AlN buffer than on bare Si (111), mainly because of the formation and amorphization of β-Si3N4 

before NW nucleation start [312] and inducing an additional delay.  

 

Figure 2.1.3.4: Comparison of GaN NWs grown: (a) without AlN buffer (sample N2470), (b) with a buffer (sample 

N2469). (1) Side-view SEM images. (2) Top-view SEM images (3) RHEED pattern image recorded along the [𝟏𝟏𝟐̅]  

azimuth. 

Nevertheless, growing such a buffer may alter reproducibility from sample to sample, if this step is not 

carefully performed every time. Indeed, the AlN buffer structure was observed to influence both the 

GaN NW density [291, 308], higher than on bare Si (111) for given GaN NW growth conditions, and 

NW polarity [225, 313]. Regarding our runs, when growing an AlN buffer, Al is first deposited and 



2. Experimental methods 

 

74 
 

subsequently nitrided. Such operation is repeated 3 times identically, so that about 4 nm of AlN is 

grown. A typical RHEED image of the thin AlN buffer is given in Figure 2.1.3.5. Such thickness 

allows the growth of well-aligned GaN NWs while keeping the nucleation time short [314]. 

 

Figure 2.1.3.5: Typical RHEED of thin AlN buffer grown on Si (111) along the [𝟏𝟏𝟐̅] azimuth. 

 

2.1.4 AlxGa1-xN nanowire growth  

 

2.1.4.1 AlGaN nanowire growth peculiarities 

 

In this PhD work, the growth of GaN NW templates, detailed in Subpart 2.1.3, was first performed 

for all samples, before growing any Al(Ga)N-based NW structures. Two main reasons justify this 

approach: 

 The non-triviality of NW nucleation for such ternary alloy, in view of the very different 

reactivity to growth conditions for the three involved elements. 

 The limitations of the MBE oven. Indeed, in view of previous investigations of AlN NW 

growth [315], nucleating well-separated Al-rich Al(Ga)N NWs would require higher growth 

temperature ranges, not accessible with the present oven filament. 

In view of the reactivity difference mentioned just before between species, especially for metallic 

elements, controlling both the average AlN molar fraction 𝑥 of an AlxGa1-xN NW section and its 

homogeneity are not trivial. Indeed, diffusion length and desorption rate are much more significant for 

Ga than for Al over the investigated substrate temperature ranges. Provided that the latter is high 

enough to promote NW growth, impinging Ga atoms can diffuse along the NW sidewalls to reach the 

preferential incorporation sites located at NW tops, as already mentioned in Subpart 2.1.3. They are 

then either incorporated at the NW top or desorbed (more or less quickly depending on substrate 
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temperature) in case of too significant Ga adatom accumulation. The latter can be either due to Ga-rich 

growth conditions or caused by the natural Al preferential incorporation at the expense of Ga [316, 

317], given that the Al-N bond is more stable: its energy is higher than the Ga-N one (2.88 eV versus 

2.20 eV) [318]. All the surface phenomena previously presented and involved in the AlGaN NW 

growth are summed up in Figure 2.1.4.1. Knowing these growth mechanisms, we can easily 

understand why compositional fluctuations can be observed within AlGaN NWs [319-325], why an 

Al-richer shell grows on sidewalls [319, 321-329], or why an Al-richer 2D layer can grow between the 

GaN NW templates [71, 72, 330-334] when the density of the latter is not high enough to take 

advantage of the shadowing effect depicted in Figure 2.1.4.2. Depending on the experimental needs 

(characterization of as-grown ensembles of NWs or single dispersed NWs or both), the NW density 

must be carefully controlled. Indeed, the parasitic Al-richer layer must be avoided for macro-

characterization of as-grown NWs, whereas NW dispersion will be easier when reducing NW density. 

 

Figure 2.1.4.1: Sketch illustrating the main surface phenomena involved in the AlGaN NW growth mechanisms. Ga 

adatoms notably diffuse much more than Al ones. Taken from [139]. 
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Figure 2.1.4.2: Sketch illustrating the shadowing effect. When growing AlGaN on top of dense and long enough GaN 

NW templates like in (a), the Al atoms impinging on the sample at a certain angle with respect to the wafer surface 

normal are unlikely to reach the NW bottoms due to their low diffusion length and will be mainly incorporated at the 

NW top. On the contrary, in (b), a significant number of adatoms reach the wafer, so that an Al-rich AlGaN 2D layer 

can form between the NWs. Typical side-view and top-view SEM images are given for (a) and (b) (for samples N2330 

and N2501, respectively). 

In addition to kinetics, the effect of strain in the NW section must also be considered, even if 

strain relaxation mechanisms are eased by the NW sidewalls and the lattice parameter mismatch for a 

given AlxGa1-xN/AlyGa1-yN structure (stacked sections or core/shell structures) remains small and far 

from being as detrimental as for InxGa1-xN/GaN [270, 335]. In the latter case, the strain relaxation was 

observed to be plastic for high In content. When AlxGa1-xN is being grown on top of an Al-richer 

AlyGa1-yN NW section, it undergoes compressive strain, making Ga adatom incorporation even less 

favorable until this strain is relieved: this is called the “strain pulling effect”, which may lead to 

significant composition gradients in the AlGaN alloy [336, 337]. 
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Consequently, a trade-off on the main growth parameters, namely the AlGaN growth temperature 

and the atomic fluxes, must be found in order to promote the NW growth while controlling the average 

AlN molar fraction and the alloy homogeneity. This compromise will be harder to reach than in the 2D 

layer growth case, since the best growth results for such layers are obtained for conditions hardly 

compatible with non-coalesced NW growth [160, 338-342]: low growth temperatures to limit the Ga 

adatom diffusion with respect to the Al one and metal-rich regime to ensure a good adatom 

coverage/mobility over the whole surface. In order to help reaching the trade-off, it must be noted that 

In can be used as a surfactant to improve metallic adatom mobility, as already reported for 2D growth 

[343] or in the NW case [290]. 

 

2.1.4.2 Additional calibration for GaN and AlxGa1-xN nanowire growth 

 

The additional calibration step that will be described in the following complements the RHEED 

calibration of atomic fluxes presented in Subpart 2.1.2.3. Given that the latter is performed on GaN 2D 

templates at typical 2D growth temperature, the Ga adatom diffusion along the NW sidewalls and the 

possible Ga desorption occurring over higher temperature ranges required for NW growth are not 

taken into account. Therefore, the axial growth rate of GaN NW is not accurately measured by the 

RHEED calibration method. In contrast, the difference between the 2D AlN growth rate and the AlN 

NW axial growth rate is expected to be less significant over typical GaN NW growth temperature 

ranges. Indeed, in the latter case, Al diffusion length and Al desorption rate remain low compared to 

those of Ga [303]. Another method than RHEED-based calibration must be then used to measure the 

NW growth rates more properly, especially those of GaN. One way to gain accuracy on the latter is to 

grow, at substrate temperatures corresponding to those used for AlGaN NW section growth, several 

GaN (respectively AlN) NW sections at various Ga cell temperatures between thin AlN (respectively 

GaN) NW markers, on top of GaN NW templates dense enough to take advantage of the shadowing 

effect and similar to those typically grown for AlGaN NW sections.  Next, we disperse the resulting 

NWs on specific transmission electron microscopy (TEM) grids described in Subpart 2.2.1.2  and we 

finally measure the length of the GaN (respectively AlN) NW sections using a scanning transmission 

electron microscope (STEM) presented in 2.2.1.2. Knowing the growth time of such sections, we can 

deduce the GaN (respectively AlN) NW axial growth rates. This method is derived from the protocol 

used to demonstrate significant Ga diffusion along NW side facets [303]. Typical SEM/STEM images 

of  NW sections grown between markers used for calibration are given in Figure 2.1.4.3, for both GaN 

and AlN sections. The related NW axial growth rates are provided in Figure 2.1.4.4 (a) and (b), 

respectively, and compared to those obtained using the RHEED oscillation-based technique on 2D 

layers grown at lower temperatures. As expected, the GaN NW growth rates are much higher than 
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those for the 2D case, due to adatom diffusion along NW sidewalls: they are even almost doubled for 

some Ga cell temperatures (820°C for instance) leading to N-rich NW growth regime. As for those of 

AlN NW, the difference is far from being negligible, in contrast to the previous report using this 

technique [303]. The latter discrepancy can be explained by the higher growth temperatures we used in 

comparison with this report.  

 

Figure 2.1.4.3: (a) Typical SEM image of NWs grown for these calibrations: GaN NW sections grown between thin 

AlN markers, on top of GaN NW templates (sample N2474). (b) Typical STEM-BF image of such NW dispersed on 

TEM grid. (c) STEM-ADF image of the upper part of such dispersed NW: GaN NW sections and AlN markers. (d) 

SEM image of an alternation of rather long GaN and AlN NW sections, grown on top of GaN NW templates (sample 

N2323). NW growth rates could be inferred for both binaries from the analysis of this sample. Those for AlN were 

slightly underestimated due to the longer distance for Al adatoms impinging the NW sidewalls to travel to the NW 

top, given the longer GaN markers.  (e) STEM-BF image of the upper part of two single dispersed NWs from the 

latter sample. 
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Figure 2.1.4.4: (a) Comparison of GaN growth rates derived from the NW marker calibration technique performed 

on a NW sample (N2474) grown at typical NW high growth temperature (𝑻𝒔𝒖𝒃𝒔 = 860°C, 𝒕𝒅𝒆𝒔
𝑮𝒂  = 5 s) with those 

obtained from RHEED technique carried out on a GaN 2D template at typical 2D growth temperature (𝑻𝒔𝒖𝒃𝒔 ≈ 

700°C). The two growth runs were performed consecutively. In view of the growth rate difference in N-rich regime, 

Ga diffusion along NW sidewalls is significant here. (b) Comparison of AlN growth rates derived from the NW 

marker calibration technique performed on a NW sample (N2323) grown at typical NW high growth temperature 

(𝑻𝒔𝒖𝒃𝒔 = 865°C, 𝒕𝒅𝒆𝒔
𝑮𝒂  = 5 s) with those obtained from RHEED technique carried out on an AlN 2D template at typical 

2D growth temperature (𝑻𝒔𝒖𝒃𝒔 ≈  700°C). In view of the growth rate difference in N-rich regime, Al diffusion along 

NW sidewalls is far from being negligible here. 

Such protocol can be used not only to provide more accurate results for nitride binary NW axial 

growth rates, but also to estimate, when needed,  the nominal AlN molar fraction in AlGaN NW 

sections more precisely than with the RHEED 2D method, which implies adapting the formalism 

introduced in Subpart 2.1.2.3 to the AlGaN case. First, the AlN molar fraction 𝑥 is defined by the 

following ratio: 

  

𝑥 =
𝑁𝐴𝑙

𝑁𝐴𝑙 +𝑁𝐺𝑎
 

 

(2.1.4.1) 

where 𝑁𝐴𝑙  and 𝑁𝐺𝑎 are the incorporated Al and Ga atom numbers, respectively. As we form a 

stoichiometric material, we can write, between the metallic and the N atoms: 

 𝑁𝐴𝑙 +𝑁𝐺𝑎 = 𝑁𝑁 (2.1.4.2) 

For NW growth, we mostly worked in N-rich conditions, so that we were not limited by the N flux 

𝜙𝑁. In such conditions, we can then write 𝜙𝐴𝑙
𝑒𝑓𝑓

+𝜙𝐺𝑎
𝑒𝑓𝑓

< 𝜙𝑁, 𝑁𝐴𝑙 = 𝜙𝐴𝑙
𝑒𝑓𝑓

  and 𝑁𝐺𝑎 = 𝜙𝐺𝑎
𝑒𝑓𝑓

, with 

𝜙𝐴𝑙
𝑒𝑓𝑓

 and 𝜙𝐺𝑎
𝑒𝑓𝑓

 respectively the effective Al and Ga fluxes.  Consequently, we can write the nominal 

AlN molar fraction 𝑥𝑛𝑜𝑚 as: 
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𝑥𝑛𝑜𝑚 =
𝜙𝐴𝑙
𝑒𝑓𝑓

𝜙𝐴𝑙
𝑒𝑓𝑓

+ 𝜙𝐺𝑎
𝑒𝑓𝑓

 

 

(2.1.4.3) 

and, using Equations (2.1.4.3) and (2.1.2.2), we can approach 𝑥𝑛𝑜𝑚𝑖𝑛𝑎𝑙 as a function of atomic surface 

densities 𝜎𝑏𝑖𝑛𝑎𝑟𝑦,0001 and experimental binary NW growth rates 𝜂𝑏𝑖𝑛𝑎𝑟𝑦, measured using the marker 

technique and therefore corresponding to the NW axial growth rate: 

  

𝑥𝑛𝑜𝑚 =
𝜂𝐴𝑙𝑁𝜎𝐴𝑙𝑁,0001

𝜂𝐴𝑙𝑁𝜎𝐴𝑙𝑁,0001 + 𝜂𝐺𝑎𝑁𝜎𝐺𝑎𝑁,0001
 

 

(2.1.4.4) 

Such approximation remains valid, as long as the NW radial growth rates remain low compared to the 

axial ones. In this case, the assumption seems reasonable. Indeed, the used experimental geometry first 

does not favor radial growth at all. Second, when observing the GaN NW cores between markers on 

typical STEM images such as those in Figure 2.1.4.3, their diameter remains almost constant all along 

the NW axis. As for AlN NW sections grown between markers, this is less true in view of AlN NW 

broadening. The latter is visible in Figure 2.1.4.5 (a), which shows typical SEM images of AlN NW 

sections grown on top of GaN NW templates at very high substrate temperatures. However, in view of 

Figure 2.1.4.5 (b), the AlN NW radial growth rates eventually decrease, as the increasing NW 

diameter seems to converge toward an equilibrium value (slightly inverted tapered geometry). 

Similarly to the case of GaN NWs [305], such convergence towards larger NW diameter could be 

explained in two phases. First, in spite of being in N-rich conditions, the amount of active N species 

available for axial growth may be finite. Indeed, in view of the very high substrate temperature, the Al 

adatoms are more mobile and can reach more easily the NW top, which may result in an excess of 

metallic species there with respect to N ones and lead to NW radial growth. The contribution to the 

latter of Al adatoms that do not reach the NW top and get incorporated along the sidewalls must not be 

forgotten, but it is likely to be minor in view of NW diameter convergence, especially since the 

shadowing effect gets more significant with NWs lengthening and broadening. Second, NW radial 

growth ceases when the Al adatom density at the NW top is reduced to a certain critical value, leading 

to mostly axial NW growth. 
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Figure 2.1.4.5: (a) Typical SEM image (sample N2535) of long AlN NW sections (darker) grown in N-rich conditions 

at very high substrate temperatures (𝑻𝒔𝒖𝒃𝒔 = 930°C, 𝒕𝒅𝒆𝒔
𝑮𝒂  ≈1 s), on top of GaN NW templates (brighter). (b) Evolution 

of the AlN NW section diameter with position along the z-axis, given for two random typical NWs (red cross for NW 1 

and black cross for NW 2). 

At substrate temperatures close to the upper bound of the typical GaN NW growth temperature range 

(corresponding to Ga desorption times of the order of 5s), Al diffusion is already far from being 

negligible, in view of the difference between results of RHEED-based 2D calibration and the NW 

marker technique exhibited in Figure 2.1.4.4 (b). Therefore, a convergence towards an equilibrium 

diameter, similar to the one exhibited in Figure 2.1.4.5, is likely to be observed as well for long AlN 

NW sections grown at such temperatures. Regarding our calibration protocol, one way to be more 

accurate on the NW axial growth rate 𝜂𝐴𝑙𝑁 values would be to grow, on top of GaN NW templates, a 

first AlN section long enough to reach negligible radial growth rates, before starting to grow GaN 

marker/AlN section structures. 

In our experiments, 𝑥𝑛𝑜𝑚 approximated rather well the real 𝑥, noted 𝑥𝑒𝑥𝑝 and measured post-growth 

by XRD. Indeed, for AlGaN NW sample growth calibrated from this method (𝑥𝑒𝑥𝑝 over the 0.4-0.6 

range, for which the interaction and competition between metallic species are the most significant), 

disparities between 𝑥𝑛𝑜𝑚 calculated from the experimental 𝜂𝐺𝑎𝑁 and 𝜂𝐴𝑙𝑁 values and 𝑥𝑒𝑥𝑝 remained 

low (within±0.05). These minor discrepancies can be mainly explained by the fact that: 

 Our NW calibration method does not consider the interaction and competition between the 

two metallic species when growing AlGaN.  

 The assumption on AlN NW radial growth rate is less true than for GaN over the typical 

growth range  
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As for metal-rich conditions, as N is the limiting species, we can write 𝜙𝐴𝑙 + 𝜙𝐺𝑎 > 𝜙𝑁
𝑒𝑓𝑓

 and 

𝑁𝑁 = 𝜙𝑁
𝑒𝑓𝑓

, which gives: 

  

𝑥𝑛𝑜𝑚 =
𝑁𝐴𝑙

𝜙𝑁
𝑒𝑓𝑓
 ≅
𝜙𝐴𝑙
𝑒𝑓𝑓

𝜙𝑁
𝑒𝑓𝑓

 

 

(2.1.4.5) 

The last approximation can be performed if 𝜙𝐴𝑙 < 𝜙𝑁
𝑒𝑓𝑓

 and considering that Al is preferentially 

incorporated at the expense of Ga. Thus, using Equation (2.1.2.3), we obtain 𝑥 as a function of the 

binary growth rates: 

  

𝑥𝑛𝑜𝑚 =
𝜂𝐴𝑙𝑁

𝜂𝑆𝑡𝑜𝑖𝑐ℎ𝑖𝑜
 

 

(2.1.4.6) 

with 𝜂𝑆𝑡𝑜𝑖𝑐ℎ𝑖𝑜 corresponding to the AlN growth rate at stoichiometry and expressed in AlN ML/s.  

In this work, AlGaN NWs were mostly grown in N-rich conditions. Therefore, we will estimate 𝑥𝑛𝑜𝑚 

for the latter NWs using the approximation given in Equation (2.1.4.4). 

 

2.2 Structural characterization techniques 

 

2.2.1 Electron microscopy 

 

In order to image nano-objects that we grow, electron microscopy [344, 345] is required, since 

optical microscopy is limited by diffraction limit (of the order of visible photon wavelength). Indeed, 

the electrons used in such microscopes have a much shorter wavelength, which notably depends on the 

electron acceleration voltage. This wavelength can vary over a 0.025-0.4 Å range for an acceleration 

voltage between 200 kV and 1 kV.  If the electron beam is coherent enough, it is even possible to 

image atomic columns in high resolution (HR) electron microscopy.  

The electron beam is created by an electron gun, which can be either a thermionic source (a 

metallic filament, typically in LaB6, heated at high temperatures, of the order of 2000°C) or a field 

effect gun (sharp tip, typically in tungsten, from which electrons are extracted by tunnel effect through 

high acceleration voltage). Compared to thermionic sources, field effect guns (FEGs) are able to 

produce electron beams smaller in diameter and more coherent. Moreover, they allow us to reach 

higher source brightness. In most cases, we used microscopes equipped with FEG sources in our 

experiments. Electrons are then accelerated by high voltage and collimated thanks to several 

electromagnetic lenses which are part of what is called the microscope column and which modify the 
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electron trajectory through electromagnetic fields. Increasing the acceleration voltage allows electrons 

to go through a more significant thickness of matter. Higher voltages are notably used in transmission 

microscopy. However, more energetic electrons can cause more severe electron-irradiation damages 

through elastic scattering (electrostatic charging, atomic displacement, electron-beam sputtering) or 

inelastic scattering (sample heating, radiolysis, hydrocarbon contamination) [346]. As for the 

electromagnetic lenses, the latter actually consist in coils crossed by electronic current and their focal 

distance can be tuned by varying the current intensity. These lenses are far from being perfect. Indeed, 

they cause astigmatism and spherical aberrations that can be corrected with the proper deflectors (very 

common in SEM microscopes) and spherical aberration correctors (only found in state-of-the-art 

transmission microscopes), respectively. Such aberrations can also be reduced by decreasing the 

electron beam size with diaphragms. 

The electrons impinging on the sample interact with matter, which modifies their trajectory 

(elastic interaction with atom nuclei) or their energy (inelastic interaction with atom electrons). In the 

latter case, other particles such as photons or secondary electrons can be emitted. As for elastic 

interactions, changes in electron trajectories degrade the spatial resolution. Indeed, the atoms 

interacting with the beam are not only comprised in a cylinder of diameter equal to the beam diameter 

but in a bigger volume called “the interaction volume”, depicted in Figure 2.2.1.1. This volume is 

bigger when investigating a material containing light atoms or when increasing the acceleration 

voltage and must be considered, especially for thick as-grown samples. It can be simulated with 

Monte-Carlo-based software such as Casino: an example is given in Figure 2.2.1.2. In the case of 

nitride NWs grown by MBE and dispersed on thin TEM grids, the “interaction volume” is no longer a 

problem as the material volume crossed by the beam is very small. Depending on the detectors and 

their position with respect to the electron trajectories, various signals can be recorded in order to 

obtain images containing different information, as indicated in Figure 2.2.1.1. We will present in the 

following the ones that were mainly used during this PhD. 
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Figure 2.2.1.1: Sketch of the interaction volume, illustrating the volume of atoms interacting with the incident electron 

beam. The different emitted particles are exhibited as well and can be collected with the appropriate detectors when 

performing the related techniques. 

 

Figure 2.2.1.2: Results of a simulation run under Casino software illustrating the need of having thin samples for 

higher resolution electron microscopy experiments such as (S)TEM or EDX. Here, the simulated sample is composed 

of a 50 nm thick GaN 2D layer grown on top of a bulk Si (111) substrate and excited with a 10 nm wide electron beam 

accelerated at 20 keV. Such layer thickness is comparable to the typical diameter of nitride NWs grown by MBE 

dispersed on thin grids and probed by (S)TEM. We can see that the interaction volume remains very close to the 

beam cylindrical volume in the GaN 2D layer, whereas it gets signicant in the substrate, degrading the experimental 

resolution. When exciting thin samples such as dispersed NWs mentioned just above, this interaction volume remains 

small. Thus, in the latter case, the resolution mainly depends on the mere electron probe size. 
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2.2.1.1 Scanning electron microscopy (SEM) 

 

In this microscope mode, the electron beam scans the sample thanks to scanning coils located at 

the bottom part of the microscope column. The detected electrons are either secondary or retro-

scattered electrons, depending on the voltage applied to the grid of the Everhart-Thornley detector. 

Moreover, the acceleration voltage value is low, typically over the 1-30 kV range.  Consequently, 

information mainly comes from the sample surface. Recorded images allow us to get a 3D overview 

over a more or less magnified area of the sample surface. This characterization technique does not 

require complicated sample preparation (just to cut a sample piece with a diamond tip) and is usually 

the first characterization technique to be performed after growth. 

We mainly used the Zeiss Ultra55 microscope of CEA-Grenoble/INAC, either to observe as-

grown samples or to locate NWs dispersed on specific substrates. The acceleration voltage could be 

set up to 30 kV but a 10 kV voltage was typically used in order to avoid charging effect phenomena, 

which occur when the investigated material is not conductive enough. The electron beam current could 

be set up to 100 nA. The electron probe size was typically of the order of 1 nm, and so was the 

ultimate resolution. The detected electrons are secondary ones and could be collected by two 

detectors: the first one was located in the SEM chamber whereas the other one was located in the 

microscope column (“in-lens” detector). Figure 2.2.1.3 gives a sketch of the column. 

 

Figure 2.2.1.3: Schematic of a Zeiss Ultra55 microscope column. From [347]. 
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A few cathodoluminescence (CL) experiments were also carried out in another SEM setup (FEI 

Quanta 200) at Neel Institute, Grenoble (see 2.3.2.1). The setup best resolution is of the order of 3 nm. 

The acceleration voltage could be tuned over the 200V- 30 kV range and the electron beam current 

between 5 pA and 50 nA. 

 

2.2.1.2 Scanning transmission electron microscopy (STEM) 

 

In this microscope mode, the electron beam is focused as much as possible, and electrons are 

detected after having crossed the sample. In order to detect electrons which are directly transmitted 

without any diffraction or scattering, a detector is placed on the microscope axis. In this case, we 

record images in bright field (BF) mode. An annular detector is also placed around the central detector 

to detect diffracted electrons. In this case, we record images in annular dark field mode (ADF). 

Moreover, electrons scattered at higher angle can be detected in high-angle annular dark field 

(HAADF) mode. In the latter case, as the number of high-angle scattered electrons is roughly 

proportional to the square of atomic number Z, the recorded images especially highlight the chemical 

contrast, more than simple ADF. The heavier the atoms, the more intense the HAADF signal and the 

brighter the image.  

Several microscopes were used in STEM configuration during this PhD, including: 

 The Zeiss Ultra55 microscope (at INAC, Grenoble), also used for standard SEM, for most 

sessions of low resolution (LR) STEM. The typical acceleration voltage covered the 20-30 kV 

range. 

 A STEM Hitachi 5500 (at INAC, Grenoble), with a better spatial resolution than the one of 

Zeiss Ultra55 in low resolution mode and a slightly better vacuum limiting the sample 

contamination. The acceleration voltage was also of the order of 30 kV. 

 A STEM VG HB501 (at LPS, for nanoCL experiments, see related Subpart 2.3.2.2). The used 

acceleration voltage was 60 kV. The high brightness of the cold FEG allowed one to obtain a 

typical beam current of 300 pA in an electron beam with diameter as small as 0.5 nm. As 

mechanical noise degrades the resolution, the effective spatial resolution was of the order of 1 

nm. 

In view of this work context, the HAADF mode was particularly interesting to image chemical 

contrast in AlGaN NWs: Ga being heavier than Al, it appears brighter on HAADF images. Regarding 

the sample preparation for STEM, NWs were mostly mechanically dispersed on TEM grids. The latter 

are made of Copper (Cu) and covered by a thin C film. Figure 2.2.1.4 gives an overview of such a 

grid. Some NW dispersion tries were also performed using a chemical approach: in this case, a small 
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sample piece was placed into an ultrasonic bath in ethanol for a few minutes. Then, a drop (or a few) 

of the solution was deposited on the grid. Sample preparation for the TEM and EDX (Energy-

dispersive X-ray) techniques (when analyzing single NWs) presented afterwards is identical. 

 

Figure 2.2.1.4: Sketch of a TEM grid, exhibiting the thin carbon film covering the copper part. 

 

2.2.1.3 Energy-dispersive X-ray (EDX)  

 

EDX technique is a chemical analysis allowing the quantification of elements present in a sample. 

The principle is briefly explained in the following sentences: at rest, an atom within the sample 

contains ground state (or unexcited) electrons in discrete energy levels or electron shells bound to the 

nucleus. The electron beam impinging on a given atom of the sample may excite an electron in an 

inner shell (K, L, M…), ejecting it from the shell while creating a hole where the electron was. An 

electron from an outer, higher-energy shell then fills the hole, and the difference in energy between the 

higher-energy shell and the lower energy shell may be released in the form of an X-ray photon. The 

number and energy of the X-ray photons emitted from the sample can be measured by an EDX 

spectrometer. As the energies of the X-rays are characteristic of the difference in energy between the 

two shells and of the atomic structure of the emitting element, EDX thus allows the elemental 

composition of the sample to be determined. Figure 2.2.1.5 illustrates the EDX principle and gives the 

main characteristic transition energy values for Al, Ga and N atoms. 

We can then quantify the elements with respect to each other, by comparing the integrated intensity of 

rays in EDX spectra, characteristic of the elements probed by the electron beam. This intensity 

depends on several parameters: some only depend on the element itself whereas others depend on the 

used equipment or the sample. Quantification thus requires intensity calibration, which can be 

implemented in EDX data processing software from quantitative analysis performed on a well-known 

reference sample. It must be noted that light elements (such as B, C, N, O) are more difficult to 

quantify with EDX, as the recorded intensity is lower for these elements. In this case, electron energy 

loss spectroscopy (EELS) is more suited. The sample thickness and density are also criteria not to be 
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neglected when carrying out quantitative analysis, inasmuch as X-ray photons emitted by the deepest 

sample regions are absorbed by neighboring atoms, particularly those closer to the sample surface. 

This X-ray absorption process also impacts the EDX spatial resolution, as it results in an X-ray 

emission volume slightly bigger than the real interaction volume. In the case of thin samples such as 

dispersed and thin nitride NWs, the latter issue is not significant. 

 

Figure 2.2.1.5: (a) Sketch of the EDX principle. (b) Table providing the main shell transition energies for the Al, Ga 

and N species (values taken from [348]). 

The microscope used for EDX was mainly the Zeiss Ultra55. In our experiments, the used sample 

holder was made of graphite in order to ensure that EDX signals (especially X-ray emission by Al) 

only originated from the investigated samples which were mostly MBE-grown AlGaN NWs dispersed 

on TEM grids. For the latter, the EDX spatial resolution was of the order of 10 nm so that we could 

quantify the Al content quite locally along the axis or the radius of NWs. Quantification was 

performed using a technique called IZAC which combines the common Cliff-Lorimer (k-factor) [349] 

method and the correction of X-ray absorption, taking into account the sample thickness and density. 

Such technique provides satisfactory accuracy, close to the one reached by another technique more 

commonly used but more complex, the 𝜁-factor method [350, 351]. The EDX setup was calibrated at 

the beginning of each session done using a very well-known reference copper grid. 

 

2.2.2 X-ray diffraction (XRD) 

 

For measurements on single crystal, the XRD technique [352] consists in sending a focused 

monochromatic beam of X-ray photons at a given incident angle 𝜔 onto the crystal sample mounted 

on a goniometer. As atoms can elastically scatter an X-ray wave, the crystal will then produce, by 

definition, a regular array of waves. Although these waves cancel one another out in most directions 



 2.2 Structural characterization techniques 

 89 

 

through destructive interference, they add constructively in a few specific directions, determined by 

Bragg’s law:  

  

2𝑑(ℎ𝑘𝑙) sin(𝜃) = 𝑛𝜆𝑋𝑅𝐷  

 

(2.2.2.1) 

where: 

 𝑑(ℎ𝑘𝑙) the spacing (or interplanar distance) between two consecutive diffracting atomic planes 

belonging to the (ℎ𝑘𝑙) plane family.  

 𝜃 the scattering angle related to this plane family. 

 𝜆𝑋𝑅𝐷  the wavelength of the X-ray incident beam. 

 𝑛 the diffraction order. 

Diffraction can occur because the X-ray wavelength is of the order of the spacing between planes in 

the crystal. 

Experimentally, we can select one of these specific directions, namely one specific (ℎ𝑘𝑙) set, by 

positioning the beam source at the right incidence angle 𝜔, orientating the crystal properly with the 

goniometer and placing the XRD detector at the right scattering angle 𝜃. The chosen direction will 

then appear as a spot called the (ℎ𝑘𝑙) reflection on the recorded diffraction pattern, belonging to the 

reciprocal space. By slightly tuning the experimental geometry (see Figure 2.2.2.1) in order to move 

around the (ℎ𝑘𝑙) spot in the reciprocal space, a full cartography of the (ℎ𝑘𝑙) reflection, called the 

reciprocal space map (RSM), can be recorded, providing valuable information about crystal properties 

(crystal quality, strain, average composition in alloys…). 

XRD experiments were carried out at the NPSC laboratory for many as-grown AlxGa1-xN NW 

section samples, mostly in order to estimate the average AlN molar fraction in AlGaN NWs from the 

measurements of the 𝑐 and 𝑎 lattice parameters of the alloy. We were then able to adjust the nominal 

fluxes for the next growth runs if necessary. In view of the significant number of samples, the lattice 

parameters were not determined, for most samples, from whole RSMs recorded for certain reflections, 

but following a much less time-consuming method called the extended Bond technique, with no or 

minor accuracy loss [353-355].  

The latter consists in performing 2𝜃 − 𝜔 scans for several symmetric reflections (𝜔 = 𝜃), such as 

(002), (004) and (006) for WZ nitrides, and 𝜔 scans for several asymmetric reflections (𝜔 = 𝜃 ± 𝛼), 

such as (104), (105), and (114) for WZ nitrides. Figure 2.2.2.1 illustrates the experimental geometry in 

the real and reciprocal spaces, representing 𝜔, 𝜃 and 𝛼. Roughly, when performing a 2𝜃 − 𝜔 scan, we 

move in the reciprocal space following the scattering vector 𝑄⃗⃗ = 𝑘⃗⃗′ − 𝑘⃗⃗  direction (𝑘⃗⃗ and 𝑘⃗⃗′ being the 



2. Experimental methods 

 

90 
 

incident and outgoing wavevectors), respectively, while we move perpendicularly to 𝑄⃗⃗ when carrying 

out a 𝜔 scan.  

 

Figure 2.2.2.1: Sketch superimposing the “real space” (setup geometry: sample, investigated planes, incident and 

outgoing X-ray beam) and the “reciprocal space” (dots corresponding to reflections), for: (a) symmetric reflections 

(𝟎𝟎𝒍), (b) asymmetric reflections (𝒉𝟎𝒍). As an example, the wavevectors (𝒌⃗⃗⃗ and  𝒌⃗⃗⃗′) and the scattering vector (𝑸⃗⃗⃗)  are 

drawn in (a) for the (𝟎𝟎𝟒) reflection and in (b) for the (𝟏𝟎𝟓) reflection. It must be noted that the Ewald sphere of 

radius ‖𝒌⃗⃗⃗‖  is displayed in (a) and intersects the (𝟎𝟎𝟒) dot, meaning that we are fulfilling the diffraction conditions 

for this plane. In addition, the red dots indicate the diffracting planes allowed for WZ nitrides. (b) and (d) show how 

we move into the “reciprocal space” when performing the different types of scans, for symmetric and asymmetric 

reflections, respectively. 

Performing 2𝜃 − 𝜃 scans first allow us to derive the 𝑐 lattice parameter value, by direct application of 

Bragg’s law (see Equation (2.2.2.1)) for symmetric reflections. The expression of 𝑑(ℎ𝑘𝑙) for the WZ 

structure is given in Annex 1.2 (Equation (A.1.2.1)). In the case of symmetric reflections (00𝑙), this 

expression can be simplified as 𝑑(00𝑙) = 𝑐/𝑙. Then, the 𝜔 scans are performed for both grazing 
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incidence and grazing emergence (respectively  𝜔− = 𝜃 − 𝛼 and 𝜔+ = 𝜃 + 𝛼). They give access to 

the 𝑐/𝑎 ratio value (and thus to the 𝑎 lattice parameter value) from the following equations (in the WZ 

case for 𝑐/𝑎): 

 𝜔+ −𝜔− = 2𝛼 

𝑐

𝑎
= √(

1

𝑐𝑜𝑠2(𝛼)
− 1) (

𝑙2

ℎ2 + 𝑘2 + ℎ𝑘
)
3

4
    

 

(2.2.2.2) 

The 𝑐/𝑎 ratio expression is derived from Equation (A.1.2.2) (Annex 1.2), 𝛼 corresponding to the angle 

between the (ℎ𝑘𝑖𝑙) plane related to the investigated reflection and the surface plane (0001) or 

(0001̅). Typical values for such angles are provided in Annex 1.2 (see Table A.1.2.1). 

In practice, 𝜔 does not correspond to a physical reality and should be defined as  𝜔 = 𝜃 ± 𝛼 +  𝜔0 , 

with  𝜔0 the XRD setup offset angle. This offset is eliminated by subtracting  𝜔 angles for grazing 

incidence and emergence when estimating 𝑐/𝑎 (see Equation (2.2.2.2)). 

Averaging the 𝑐 and 𝑎 values obtained for several reflections allows us to reduce the error bar. It must 

be noted that the higher the scattering angle (i.e. the higher the Miller indices), the more accurate the 

measurement. Once these average 𝑐 and 𝑎 values are known, the average AlN molar fraction 𝑥 in our 

Al𝑥Ga1−𝑥N NW section sample can be derived by combining Vegard’s law with the following 

expression linking the strained and unstrained 𝑐 parameters [355]: 

  

𝑐𝑢𝑛𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑(𝑥) =
𝑐𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑 + 𝑎𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑  × 𝐷

0001(𝑥) × 𝑇(𝑥)

1 + 𝐷0001(𝑥)
 

 

(2.2.2.3) 

where: 

 𝑐𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑 and 𝑎𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑 correspond to the average 𝑐 and  𝑎 values just determined 

experimentally. 

  𝐷0001(𝑥) = 2
𝐶13

𝐶33
(𝑥) in the WZ case (𝐶𝑖𝑗 defined in Subpart 1.3.2.2) is the elastic parameter. 

 𝑇(𝑥) = 𝑐𝑢𝑛𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑(𝑥) / 𝑎𝑢𝑛𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑(𝑥) is the lattice parameter ratio of relaxed lattice 

parameters. 

Such combination therefore results in a polynomial that we must solve to derive the AlN molar 

fraction 𝑥.  

The present method was successfully applied to pseudomorphically strained, partially relaxed, or 

completely relaxed InxGa1-xN 2D layers grown on GaN templates and can be used for other structures, 

as long as the strain remains uniaxial [355]. In the case of AlxGa1-xN NW sections grown on GaN 

NWs, a slight bias resulting from the thin Al-richer shell wrapping the AlGaN core must be considered 

when estimating AlN molar fraction with this procedure, but the latter still provides accurate results, 
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especially when the AlGaN NW section length is large compared to the GaN NW template diameter 

and knowing that the shell thickness progressively decreases along the NW growth axis. Such long 

NW sections are generally quasi-relaxed, as supported by former XRD and Raman data [139, 322]. In 

addition, it must not be forgotten that the values of relaxed 𝑐 and 𝑎 lattice parameters, as well as those 

of the elastic parameter 𝐷0001, are taken for GaN and AlN from experimental reports presenting 

disparities [13, 102] and that the use of Vegard’s law, especially for approximating 𝐷0001(𝑥) for 

AlxGa1-xN, does not allow the absolute determination of these parameters for the alloy, which increases 

the uncertainty on the estimation of AlN molar fraction. 

Two XRD setups were easily accessible in the NPSC lab. The first setup was a PANalytical 

Empyrean with a 2D detector from PIXcel and a X-ray tube made of Cobalt (Co) so that the X-ray 

wavelength was 178.9 pm (for 𝐾- 𝛼1 line). As for the second setup, its tube was made of Cu so that 

the X-ray wavelength was shorter (154.1 pm, for 𝐾- 𝛼1 line) and allowed to reach higher scattering 

angles than with the first setup. Moreover, its overall angular resolution was better than that of the first 

setup. However, for practicality, we mainly used the first setup which was much more user-friendly / 

less time-consuming and sufficient in terms of angular resolution for our needs. It must be noted that 

there was no monochromator on the PANalytical setup so that both 𝐾- 𝛼1 and 𝐾- 𝛼2 (respectively 

179.3 pm and 154.4 pm for Co and Cu) contributions had to be taken into account when fitting XRD 

scan data (using PANalytical High Score plus software) with Pseudo-Voigt functions. Such function 

consists in the weighted sum of a Lorentzian, which physically matches emitted X-ray lines very well, 

and a Gaussian, which describes the instrumental response. In reality, the XRD scans that we observe 

correspond to the convolution of such lines with the setup response, in other words the convolution of 

Lorentzian functions with Gaussian called Voigt functions. However, these functions are much more 

complicated to compute than Pseudo-Voigt functions while being well approximated by the latter so 

that we preferentially use Pseudo-Voigt.  

Figure 2.2.2.2 provides examples of experimental 2𝜃 − 𝜃 and 𝜔 scans recorded with the 

PANalytical setup. The detail of investigated samples and reflections is provided in the figure caption. 

Globally, it can be noticed that XRD peaks are quite broad for both types of scans. Regarding 2𝜃 − 𝜃 

ones, in the case of AlGaN NWs, the broad linewidths are likely to mostly result from composition 

gradient within the alloy along the growth 𝑐-axis, but can also be induced by strain gradient or µ-strain 

in the same direction [356]. As for 𝜔 scans, the related lines are broadened by mosaicity (tilt), size 

effects (limited lateral size, namely the NW diameter), and possible lateral µ-strain [356]. 
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Figure 2.2.2.2: (a) (002) 𝟐𝜽 − 𝜽 scan for as-grown Al0.35Ga0.65N NW sections (sample N2520) on top of GaN NW 

templates. (b) (002) 𝟐𝜽 − 𝜽 scan for as-grown Al0.76Ga0.24N NW sections (sample N2569) on top of GaN NW templates. 

The GaN-related line is shifted due to strain resulting from the Al-richer and thicker shell that grew around the NW 

templates. A shoulder related to the presence of pure AlN section can also be observed. The latter will be discussed 

further in chapter 3. (c) (105) 𝝎− scan (grazing incidence) for as-grown Al0.38Ga0.62N NW sections (sample N2555) on 

top of GaN NWs. (d) Associated (105) 𝝎+ scan (grazing emergence) for the same as-grown Al0.38Ga0.62N NWs (sample 

N2555). It must be noted that all the provided AlN molar fractions in this figure were experimentally determined by 

the present technique. 

 

2.2.3 Atomic-force microscopy (AFM) 

 

The AFM technique [357] relies on the interaction between sample surface atoms and a sharp tip 

(probe) placed at the edge of a cantilever (typically made of Si or SiN). The latter can be displaced in 

all space directions, so that we can scan the whole sample surface. Analyzing the cantilever 

deflections allows us to determine the exact position of the tip and to measure the various interaction 

forces between the tip and the sample. By varying the distance between the tip and the investigated 
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surface, we can measure various kinds of forces, which results in different applications when AFM is 

used in one of the three following modes: 

 The contact mode: the tip, in firm contact with the sample so that the overall force is 

repulsive, is dragged across the surface and the surface contours are measured either using the 

deflection of the cantilever directly or, more commonly, using the feedback signal required to 

keep the cantilever at a constant position.  

 The tapping mode, in which the cantilever is driven to oscillate up and down at or near its 

resonance frequency. In this case, the frequency and amplitude of the driving signal are kept 

constant, leading to constant amplitude for the cantilever oscillations as long as there is no 

drift or interaction with the surface. The interaction of the forces acting on the cantilever when 

the tip comes close to the surface causes this cantilever oscillation amplitude to decrease in 

this case.  A feedback loop system then adjusts the cantilever height to maintain fixed 

amplitude, while the cantilever is scanned over the sample. A tapping AFM image is therefore 

produced by imaging the force of the intermittent contacts of the tip with the sample surface. 

 The non-contact mode, in which the tip of the cantilever does not touch the sample surface. 

The cantilever is vibrating at either its resonant frequency (frequency modulation), or just 

above at fixed amplitude (amplitude modulation). Longer-range forces involved in this mode, 

such as Van der Waals forces, cause a change in the cantilever resonance frequency or 

amplitude. Depending on the chosen modulation, the feedback loop system maintains a 

constant frequency or oscillation amplitude by adjusting the average tip-to-sample distance. 

Measuring the tip-to-sample distance at each scanned point allows us to construct a 

topographic image of the sample surface. 

Basic structural investigation of AlGaN NW samples was performed on a few NWs with a 

standard AFM setup at the NPSC lab. Moreover, standard AFM and KPFM experiments were 

performed at the Institute of material science, in Valencia, Spain. The KPFM technique is a variant of 

the non-contact AFM mode and allows us to measure the contact potential difference (VCPD) between 

the sample surface and the AFM tip, as depicted in Figure 2.2.3.1. Such potential difference can 

notably be used to infer:  

 The polarity of a crystal by taking advantage of the different surface potentials of the (0001) 

and (0001) facets [119]. 

 The presence of a PN junction, as the surface potential is different between the n-doped and 

the p-doped regions [358] (see Figure 2.2.3.2). 
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Figure 2.2.3.1: Sketch illustrating the tip-sample contact potential difference. Taken from [225]. 

 

 

Figure 2.2.3.2: Sketch of the tip-sample contact potential difference for nitride material of different doping type: (a) p-

type, (b) n-type. The potential difference varies with the doping type, so that the latter can be inferred from KPFM 

measurements. For both sketches, the left and right parts give the band structure respectively without and with 

illumination. The latter changes the surface potential, providing more investigation possibilities when performing 

KPFM experiments. Taken from [358]. 

 

2.3 Optical characterization techniques  

 

Measurements of optical properties for a given material first require exciting this material. To do 

so, several excitation sources can be used: photon sources, such as laser beams, or electron sources 

like electron beam probes in electron microscopes. Then, the optical material response of the material 

is recorded with the proper detector. When recording the photons emitted by the sample, we perform 

PL in the case of photon sources whereas CL is carried out in the other case. The optical phonons can 
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also be monitored: when the excitation source is photons, Raman spectroscopy can be performed. The 

three mentioned techniques will be described in the following. 

 

2.3.1 Photoluminescence (PL) 

 

Let us briefly remind that the PL technique [359] consists in exciting an investigated sample with 

a light source and then collecting the light subsequently emitted by the sample at a lower energy than 

the excitation light source. The photons impinging on the sample can be absorbed so as to generate 

electron-hole pairs. Then the carriers first thermalize non-radiatively towards lower energy levels, 

before they recombine, whether radiatively or non-radiatively. Therefore this technique probes the 

latter levels, which can be impurities levels. As detailed in Subpart 1.2.1.2, transitions that we 

typically observe can be related to recombinations of free excitons, to excitonic recombinations of 

carriers bound to different types of impurities or defects present in the sample, or to non-excitonic 

ones. The analysis of the collected light allows us to characterize various material properties such as 

its crystalline quality, its purity, the type of defects it contains, or also its chemical composition in the 

case of ternary alloys such as AlGaN.  

  

2.3.1.1 Photoluminescence with a continuous-wave laser excitation (CW-PL) 

 

Two types of PL experiments could be performed at different scales, depending on the size of the 

incident beam spot:  macro-PL, for which the laser spot diameter is of the order of 50 µm and which is 

used to excite as-grown samples, and µ-PL, for which the spot size is reduced to the order of 1 µm 

using a microscope objective (numerical aperture (NA) equal to 0.4) and which allows us to probe 

single dispersed objects such as nitride NWs.  

In the following of this manuscript, most macro-PL and µ-PL spectra were recorded in the 

INAC/NPSC laboratory on a PL setup equipped with a continuous-wave (CW) frequency-doubled 

solid-state laser (model MX488-1000 from Coherent). The excitation wavelength was 244 nm (5.08 

eV) and allowed us to excite AlxGa1-xN alloy up to an AlN molar fraction x of the order of 0.6-0.7. Al-

richer samples were characterized at Charles Coulomb laboratory in Montpellier using a macro-PL 

setup equipped with a quadrupled Ti-Sapphire laser emitting around 200 nm. For all PL experiments, 

the sample was installed in a cryostat which could be cooled down to 5 K using liquid helium. For 

temperature-dependent measurements, the sample temperature could be set at any temperature over 

the 5-350 K range thanks to a resistive heater placed in the cryostat. As for power-dependent 



 2.3 Optical characterization techniques 

 97 

 

experiments, gradual densities were set on the optical path to tune the laser beam power typically 

between 1 µW and a few mWs. 

Regarding the details of the macro-PL setup of NPSC laboratory, the focused 244 nm laser beam 

impinged on the sample with an angle of about 45°. Luminescence was then collected perpendicularly 

to the sample surface and refocused at the spectrometer (spectrometer focal length of 460 mm) 

entrance thanks to a pair of lens (which are UV achromatic doublets). It was then dispersed by a 600 

lines/mm grating (or an 1800 lines/mm grating we almost did not use) and detected by a charge-

coupled device (CCD) camera cooled down by liquid nitrogen. In addition to the two gratings, the slit 

width was adjustable, so that the spectral resolution and the macro-PL signal-to-noise ratio could be 

tuned. The ultimate spectral resolution that could be reached with this setup was of the order of 400 

µeV, measured on a mercury lamp line emitting at 365 nm.  

As for the µ-PL setup, the 244 nm laser beam is filtered by a pin-hole in order to suppress the beam 

spatial inhomogeneities and is then expanded in order to cover the whole microscope objective 

entrance.  The spectrometer (focal length of 550 mm) is equipped with 3 gratings (600, 1200 and 3600 

lines/mm) and adjustable slits in order to tailor the spectral resolution and the µ-PL signal-to-noise 

ratio. The ultimate resolution we can reach with the µ-PL setup was of the order of 80 µeV at 365 nm. 

Here, we mainly worked with the 1200 lines/mm grating, allowing a spectral resolution of about 500 

µeV at 365 nm. A dichroic filter cuts all luminescence below 266 nm in µ-PL spectra. In addition to 

the laser beam, a LED emitting at 405 nm lightened the sample surface in order to allow us to view the 

sample surface on a camera and spot objects such as dispersed wires. Small controlled displacements 

over the sample surface were made possible thanks to the piezoelectric platform on which the 

microscope objective is mounted. Figure 2.3.1.1 illustrates the µ-PL setup used at NPSC. 
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Figure 2.3.1.1: Schematic of the µ-PL setup with the CW laser. From [224]. 

 

2.3.1.2 Typical continuous-wave photoluminescence spectra of high-structural quality nitride 

binary nanowires grown by molecular beam epitaxy 

 

In this section, typical PL data for self-induced and almost strain-free GaN and AlN NWs grown 

by MBE will be presented, as a practical case of Subpart 1.2.1.2. As previously mentioned, such NWs 
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are expected to exhibit optical properties close to the bulk case in view of their dimensions, to be 

relaxed or quasi-relaxed, and to be almost defect-free. Spectra for good quality 2D epilayer samples 

will be also provided for both nitride binaries, as references. During experiments, excitation power 

densities were kept low in order to avoid saturating defects to the benefit of the NBE transitions, while 

used spectrometers were set to ensure a proper spectral resolution. 

Self-induced GaN NWs are sporadically grown (typical diameter and length: 40 and 500 nm) and 

then optically characterized, in order to assess the vacuum within the MBE chamber. Indeed, optical 

transitions, especially those at NBE presented in Subpart 1.2.1.2 and related to excitons bound to 

impurities or defects, are very well known for such GaN NWs, and the vacuum quality can be directly 

inferred from the analysis of the resulting PL spectra (the presence and position of lines, their intensity 

with respect to others and their linewidth). Within the MBE chamber, the most common impurities are 

residual oxygen (vacuum) and Si (within metallic loads in effusion cells and in used wafers), so that 

the dominant transition at cryogenic temperatures is the D°XA related to the ON and/or SiGa donor 

[360]. The related line intensity with respect to those of other lines and its linewidth will be then 

scrutinized. Figure 2.3.1.2 shows typical spectra for two ensembles of self-induced GaN NWs grown 

on Si (111) by MBE and for one GaN 2D layer grown on sapphire by MOCVD, added as a reference 

(a few µm thick, manufacturer: LUMILOG), over a wide energy range (a) and around the NBE (b): 
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Figure 2.3.1.2: (a) PL spectra measured at low temperature (10 K) over a wide-range for an ensemble of GaN NWs 

grown by MBE and a GaN epilayer grown by CVD.   The most visible transitions are labeled in red for the NWs, in 

blue for the CVD layer and in black for both. (b) PL spectra around the NBE for two ensembles of GaN NWs grown 

in different MBE chamber vacuum (samples N2473 and N1111) and for the CVD layer. The lines are labeled for the 

most resolved spectrum, namely the green one corresponding to GaN NWs grown in better vacuum (sample N1111). 

The red and blue curves correspond to the same spectra as in (a). 

First, no deep transitions are observed in GaN NW spectra, as shown in Figure 2.3.1.2 (a): the visible 

lines of lowest energy correspond to the DAP transition around 3.26 eV and its phonon replica 
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regularly spaced by 91 meV. In contrast, a broad blue luminescence (BL) band is observed for the 

epilayer, but its intensity remains low compared to the dominant NBE.  Second, the intensity ratio 

between the main D°XA (also noted DBE) line around 3.471 eV and all other transitions remains large. 

Both features are first signs of decent structural quality, at least. It can be noticed that the lines for the 

2D layer sample are globally blue-shifted compared to those of NWs, which results from the biaxial 

compressive strain induced by heteroepitaxial growth on sapphire [361], as explained in Subpart 

1.2.1.3. Then, our focus turns towards the other NBE lines, exhibited in Figure 2.3.1.2 (b).  Those 

around 3.41-3.42 eV and 3.35-3.36 eV are respectively attributed to prismatic (I1) and basal (I2) SFs 

[362, 363]. Regarding the line at 3.45 eV clearly resolved in one of GaN NW spectra, its origin has 

been debated for a long time. Indeed, some reports assigned this line with NW sub-surface point 

defects like VGa [234, 364] whereas others attributed it to the two-electron satellite (TES) of the donor 

bound exciton like in bulk GaN [365, 366]. Then, the latter attribution was refuted [224, 367], before 

the line got recently reassigned to inversion domain boundaries in NWs [368, 369], as already reported 

for GaN 2D epilayers [370]. Regarding the D°X linewidths, they are equal to about 5, 13 and 2 meV, 

respectively for the epilayer, and GaN NW ensembles grown short and long time after a MBE 

chamber opening. The latter value is good when compared to literature values [224] but remains wider 

than the state-of-the-art (0.5-1 meV [299]). Two reasons can be given to explain this difference. First, 

the MBE chamber vacuum may have been worse in our case. Second, the two main growth kinetic 

parameters, namely the substrate temperature and the Ga flux, were not optimal and both lower for our 

growth run. It must be noted that such linewidths for GaN NWs remain wider than those reached for 

homoepitaxial 2D layers. Indeed, linewidths of the order of 100 µeV were reported for such layers 

[371, 372]. Such difference with respect to the 2D case was attributed to strain inhomogeneities and 

surface effects in NWs [373, 374]. 

 

Up to now, the literature about fundamental optical properties of AlN NWs has remained 

extremely scarce. Indeed, only one report is available for self-induced AlN NWs grown by MBE 

[315], whereas the case of AlN NW sections grown on top of GaN NW templates (similarly to the 

AlxGa1-xN sections presented in Subpart 2.1.4.1) has been barely more addressed [139, 375, 376]. 

Figure 2.3.1.3 provides PL data recorded prior to this PhD work for both types of AlN NWs (grown 

using our MBE setup), as well as a spectrum recorded for an AlN 2D layer grown on sapphire by 

MOCVD (thickness: 1µm, manufacturer: DOWA) and undergoing biaxial compressive strain [315].  
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Figure 2.3.1.3: PL spectra measured at 10 K around NBE for an AlN layer grown by MOCVD [315], an ensemble of 

self-induced AlN NWs (sample N1145) [315] and an ensemble of AlN NW sections grown on GaN NW templates 

(sample N1629) [139]. Shared transitions are labeled in black, whereas those proper to AlN grown on GaN NWs are 

indicated in red. The transitions numbered from 𝒏=1 to 4 were convincingly attributed to Raman signals resulting 

from the high excitation density (line emission energy: 𝑬 = 𝑬𝒍𝒂𝒔𝒆𝒓 − (𝒏 + 𝟏) ∗ 𝑬𝑳𝑶,𝑨𝒍𝑵 with 𝑬𝑳𝑶,𝑨𝒍𝑵 = 𝟏𝟏𝟎 𝒎𝒆𝑽 )  

[139], similarly to former reports [377]. 

 

In the three cases, no intense lines or bands are clearly visible below 5.6-5.7 eV and the spectrum is 

dominated by NBE transitions, meaning that all samples are free of deep defects and at least of decent 

structural quality. Spectra for self-induced AlN NWs and the 2D layer exhibit the same transitions 

(𝐷°𝑋𝐴 and phonon replica spaced by multiples of the LO phonon energy (110 meV)), except that the 

related emission energies are globally blue-shifted by about a dozen of meV for the epilayer. The latter 

feature was expected in view of the compressive strain within the AlN 2D layer. According to the 

literature, the average values of 𝐹𝑋𝐴 and donor binding energy are respectively 6.040 eV and 18 meV 

for bulk AlN [128], giving a 𝐷°𝑋𝐴 emission energy of 6.022 eV, which matches the 6.02 eV value 

reported for (almost) strain-free and self-induced AlN NWs [315]. 

Regarding AlN on GaN NWs, their 𝐷°𝑋𝐴 energy value of 6.035 eV, intemediate between the relaxed 

AlN value of 6.022 eV and the 6.047 eV value for the MOCVD epilayer, seems to infer that the AlN 

grown on top of GaN templates are probably not fully relaxed. However, Raman measurements 
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highlighted that they actually are: it must not be forgotten that the 6.022 eV is an average value and 

that disparities from the latter can be observed [128]. Similarly to the case of GaN, the 𝐷°𝑋𝐴 linewidth 

of 9 meV for AlN NWs remains larger than those of state-of-the-art layers (of the order of 500 µeV 

[378]) but is comparable or even inferior to other values reported for AlN NWs [315, 375].   A 

shouldering around 6.017 eV remains unassigned for such NWs, as exhibited in Figure 2.3.1.3. In 

view of the 18 meV difference with 𝐷°𝑋𝐴 energy (i.e. 36 meV with 𝐹𝑋𝐴 when taking into account the 

average 𝐸𝐷°𝑋𝐴
𝑏 value), the latter is very likely to be either related to other donors (Si, O) or 

corresponding to the 𝐴°𝑋𝐴 transition when comparing to the literature. Indeed, the reported average 

transition values are 26.6, 26.9 and 35.1 meV below 𝐹𝑋𝐴, respectively for 𝑆𝑖°𝑋𝐴, 𝑂°𝑋𝐴, and 𝐴°𝑋𝐴 

[128]. Given the disparities on the reported values for donor bound excitonic transitions, it is difficult 

to conclude without performing additional experiments. DAP at about 5.867 eV and associated 

replicas spaced by 110 meV were also evidenced through power-dependent PL measurements, for the 

first time in AlN [139], as labeled in Figure 2.3.1.3. The latter transitions may be related to surface 

effects, since they have never been observed in the 2D case so far.  

Fundamental optical properties were reported afterwards for similar AlN NWs grown on GaN NW 

templates by another group [375]. Interestingly, the main line was also observed around the same 

energy (6.03 eV) but clear replicas of the latter were evidenced to be spaced by about 100 meV instead 

of 110 meV in our case. Such feature was correlated to surface-optical (SO) phonons through micro-

Raman scattering experiments rather than the commonly reported LO phonons. In addition, Mg-doped 

AlN on GaN NW templates were optically characterized [78, 376], highlighting two main 

contributions: the NBE assigned to be dominated by the 𝑀𝑔°𝑋𝐴 transition, and a deeper one at 5.45 

eV attributed to a DAP transition between a shallow donor level and the Mg-acceptor one, which is 

consistent with other reports for the 2D case [128, 379]. Other lines were also evidenced at room 

temperature around 4.57 eV and 3.9 eV. The latter were associated with deeper and defect-related 

DAP transitions, respectively involving deep donor/shallow acceptor and shallow donor/deep acceptor 

couples, as previously reported for 2D layers [128, 380]. 

 

2.3.1.3 Time-resolved photoluminescence (TRPL) 

 

Macro- and µ-TRPL experiments were also performed at NPSC in order to study the PL dynamics 

(luminescence decays). The laser was in this case a Ti-Sapphire laser (Mira from Coherent) emitting 

either 200 fs or 2 ps wide (more stable in the ps mode) pulses over the 710-940 nm range. The 

standard cavity emits with a repetition rate of 76 MHz that is adjustable thanks to a cavity dumper. 

The pulse was then frequency tripled in order to reach UV excitation. For Al-richer samples, a few 

experiments were carried out at Charles Coulomb laboratory, where the frequency can be quadrupled. 
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The optics (lenses, mirrors, splitters, pin-holes, etc.…) used in both macro-TRPL and µ-TRPL setups 

were identical to those used in their CW counterparts. The spectrometer of this setup (focal length 

330mm) was equipped with a 600 lines/mm grating and the used photomultiplier (PMT ,model 

Picoquant PMA Hybrid 6) detector allowed us to reach an overall time resolution of 40 ps. The width 

of the entrance slit could be varied to tailor the TRPL signal ratio and the spectral resolution. As for 

the lateral slit width, its width could be adjusted to increase the number of photons impinging on the 

PMT at the expense of the spectral resolution. 

Temperature-dependent TRPL were also carried out to assess non-radiative processes. Doing so 

implies to make some assumptions described in the following on the experimental data, namely the 

collected intensity of a given TRPL line 𝐼𝑒𝑥𝑝 and the corresponding decay 𝜏𝑒𝑥𝑝 recorded at several 

sample temperatures 𝑇. In this perspective, it must be first reminded that 𝐼𝑒𝑥𝑝 depends on several 

elemental mechanisms subsequent to the excitation impinging on the nitride sample and given in 

chronological order: the absorption of photons exciting carriers, the relaxation of excited carriers, their 

radiative recombinations and the collection of sample luminescence depending on the experimental 

setup. Each mechanism having a certain efficiency that may depend on 𝑇, 𝐼𝑒𝑥𝑝 can be expressed, as a 

function of 𝑇: 

  

𝐼𝑒𝑥𝑝(𝑇) = 𝐼𝑒𝑥𝑐  𝜂𝑎𝑏𝑠(𝑇) 𝜂𝑟𝑒𝑙(𝑇) 𝜂𝑟𝑎𝑑(𝑇) 𝜂𝑐𝑜𝑙𝑙 

 

(2.3.1.1) 

Where 𝐼𝑒𝑥𝑐 the excitation intensity, and 𝜂𝑎𝑏𝑠,  𝜂𝑟𝑒𝑙, 𝜂𝑟𝑎𝑑, 𝜂𝑐𝑜𝑙𝑙 are the efficiency of the absorption, the 

relaxation, the radiation and the collection mechanisms, respectively. First, 𝐼𝑒𝑥𝑐 and 𝜂𝑐𝑜𝑙𝑙 can be 

considered as constant, if the experimental settings are kept constant. Then, knowing that only two 

recorded parameters 𝐼𝑒𝑥𝑝(𝑇) and 𝜏𝑒𝑥𝑝(𝑇) are at our disposal, we can only describe only two 

independent parameters of the model, which implies to remove variables. As we aim at estimating the 

non-radiative contribution with respect to the radiative one, one independent parameter must account 

for each one: 𝜏𝑛𝑟𝑎𝑑 corresponding to the non-radiative recombination time and 𝜏𝑟𝑎𝑑 for its radiative 

counterpart.  𝜂𝑟𝑎𝑑 can be written as a function of these two decay times: 

  

𝜂𝑟𝑎𝑑(𝑇) =
𝜏𝑛𝑟𝑎𝑑(𝑇)

𝜏𝑛𝑟𝑎𝑑(𝑇) + 𝜏𝑟𝑎𝑑(𝑇)
 

 

(2.3.1.2) 

Therefore 𝜂𝑎𝑏𝑠 and  𝜂𝑟𝑒𝑙 variables must be removed and considered as independent of sample 

temperature. Depending on the investigated sample, such assumption can be questionable. For 

example, when exciting 2D nitride QDs grown through SK mode, the presence of a thin wetting layer 

below the QDs (thickness of a couple of MLs) makes this hypothesis less true, especially for  𝜂𝑟𝑒𝑙 

[190].  Thus, it can be written: 
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𝐼𝑒𝑥𝑝(𝑇) = 𝐼𝑒𝑥𝑐  𝜂𝑎𝑏𝑠 𝜂𝑟𝑒𝑙  𝜂𝑐𝑜𝑙𝑙  𝜂𝑟𝑎𝑑(𝑇) = 𝐼0  
𝜏𝑛𝑟𝑎𝑑(𝑇)

𝜏𝑛𝑟𝑎𝑑(𝑇) + 𝜏𝑟𝑎𝑑(𝑇)
 

 

(2.3.1.3) 

As for the experimental decay 𝜏𝑒𝑥𝑝, provided that the relaxation time is much shorter than the 

recombination time (which is a reasonable assumption in view of typical relaxation time in nitrides 

[381]), it can be expressed as: 

  

𝜏𝑒𝑥𝑝(𝑇) =
𝜏𝑛𝑟𝑎𝑑(𝑇) 𝜏𝑟𝑎𝑑(𝑇)

𝜏𝑛𝑟𝑎𝑑(𝑇) + 𝜏𝑟𝑎𝑑(𝑇)
 

 

 

(2.3.1.4) 

To remove the 𝐼0  variable, it must be assumed that 𝜂𝑟𝑎𝑑(𝑇 ≤ 5 𝐾) = 1, meaning that 𝜏𝑛𝑟𝑎𝑑(𝑇) ≫

𝜏𝑟𝑎𝑑(𝑇) at cryogenic temperatures. Such assumption can be considered as valid if 𝜏𝑒𝑥𝑝 remains almost 

constant over low temperature ranges. Finally, we can write: 

  

𝜏𝑟𝑎𝑑(𝑇) = 𝜏𝑒𝑥𝑝(𝑇)
𝐼𝑒𝑥𝑝(𝑇 ≤ 5 𝐾)

𝐼𝑒𝑥𝑝(𝑇)
 

𝜏𝑛𝑟𝑎𝑑(𝑇) =
𝜏𝑒𝑥𝑝(𝑇)

1 −
𝐼𝑒𝑥𝑝(𝑇)

𝐼𝑒𝑥𝑝(𝑇 ≤ 5 𝐾)

 

 

 

(2.3.1.5) 

This simple model was used to process the temperature-dependent TRPL data presented in the 

following of the manuscript. 

 

2.3.1.4 Photon correlation experiments (HBT) 

 

Hanbury Brown and Twiss-type (HBT) photon correlation experiments [382] were also carried out 

in order to classify the investigated emitters, which can be, as illustrated in Figure 2.3.1.4 (a): 

 Coherent, meaning that the emitted photon stream is totally random. Laser beam sources 

are typical examples of such emitters. 

 Chaotic. In this case, the emitted photon stream is said to be bunched. For instance, 

thermal light sources belong to this class. 

 Non-classical. In the latter case, the photon stream is said to be antibunched and quantum 

effects must be considered. For example, single QD emitters, single impurities in 

semiconductor matrices, single molecules or single atoms can meet these criteria. 
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During HBT experiments, when counting photons on two distinct detectors, we actually record 

photon correlation histograms corresponding to the second-order correlation function 𝑔2(𝜏), where 𝜏 

corresponds to the time difference between a count registered on a given detector and a count recorded 

on the other one. 𝑔2(𝜏) can be expressed as: 

  

𝑔2(𝜏) =
〈𝐼1(𝑡)𝐼2(𝑡 + 𝜏)〉

〈𝐼1(𝑡)〉〈𝐼2(𝑡 + 𝜏)〉
=
〈𝑁1(𝑡)𝑁2(𝑡 + 𝜏)〉

〈𝑁1(𝑡)〉〈𝑁2(𝑡 + 𝜏)〉
 

 

(2.3.1.6) 

 

where 𝐼1 (respectively 𝐼2) is the light intensity impinging on the first detector (respectively the second 

one) and 𝑁1 (respectively 𝐼2) is the number of counts on the first detector (respectively the second 

one),  𝑁 being proportional to 𝐼 from an experimental point of view. 

In terms of physical meaning, 𝑔2(𝜏), also called the degree of second-order coherence, quantifies 

the intensity fluctuations over a certain time scale equal to the coherence time 𝜏𝑐 and corresponds to 

the probability of counting a photon on the second detector at time 𝑡 + 𝜏 after having detected a 

photon at time 𝑡 on the first detector. Therefore, in view of Figure 2.3.1.4 (a), we would have, first in 

the case of a chaotic light, ∀𝜏, 𝑔2(𝜏) ≥ 1 and an autocorrelation 𝑔2(0) > 1. Second, for a coherent 

light, ∀𝜏, 𝑔2(𝜏) = 1. Last, regarding the non-classical case, 𝑔2(𝜏) ≤ 1 and 𝑔2(0) < 1. In the latter 

case, if 𝑔2(0) < 0.5, we are sure of dealing with a single quantum emitter [383, 384]. Figure 2.3.1.4 

(b) exhibit the typical shapes of  𝑔2(𝜏) for each case. 

 

Figure 2.3.1.4: (a) Illustration of the photon streams for 1) coherent light, 2) bunched light, 3) antibunched light. (b) 

Shape of the second-order correlation function 𝒈𝟐(𝝉) for 1), 2) and 3). 
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For the needs of these experiments, a 50-50 plate beam splitter exit and two PMT detectors linked to a 

correlation card were added at the spectrometer lateral exit on the µ-PL CW setup. The lateral slit 

width could be adjusted to increase the number of counts on both detectors at the expense of the 

spectral resolution. A lens (designed for the UV range) was also placed between this lateral exit and 

the beam splitter in order to refocus the beam on the PMTs. A sketch completing the µ-PL setup 

shown in Figure 2.3.1.1 is given below in Figure 2.3.1.5. 

 

Figure 2.3.1.5: Sketch displaying the photon-correlation experiment equipment installed on the µ-PL setup 

spectrometer. 

The two PMTs and the correlation card are designed by Picoquant, and the models are respectively the 

PMA 175 and the TimeHarp 260 Pico. Each PMT detector has a typical instrument response below 

180 ps. As for the correlation card, the base resolution was 25 ps. A variable delay between the two 

detectors could be set, depending on experimental needs. In our case, a 20 ns delay was set. 

 

2.3.2 Cathodoluminescence (CL) 

 

The principle of CL technique [385] is close to PL, when considering the deexcitation processes 

(non-radiative and radiative excitonic recombinations, etc.…) occurring once the material is excited 

and the detection equipment used to collect the resulting luminescence. The main difference comes 

from the excitation source, which consists here in an electron probe, typically a microscope electron 

beam. First, contrary to PL, any semiconductor material will be excited whatever its bandgap. Indeed, 

in view of the typical acceleration voltage range (10-30 kV), each impinging electron will create many 

electron-hole pairs, and the luminescence resulting from their recombination can be collected if the 

detection chain is adapted to the material emission range. However, the detection equipment starts 

showing its limitations when getting below 200 nm, as air absorption gets large in this spectral range. 

Second, due to the numerous processes occurring when the electron probe interacts with matter, 

energy losses are significant (of the order of 60% prior to carrier relaxation) [386]. Third, due to the 
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typical impinging electron current densities, it is more difficult to vary the excitation power density 

over several orders of magnitudes as it can be done in PL, and notably to reach low excitation regimes. 

Regarding the data acquisition, three modes are typically used in CL:  

a. The spectroscopic mode, which basically consisted in focusing the beam over the region 

of interest and recording the related spectrum with a CCD. 

b. The imaging mode, which consisted in recording both the luminescence signal on a PMT 

detector at a given energy / wavelength and the related structural information (microscope 

image). 

c. The spectral imaging mode or spectral cartography mode. In this mode, the beam is 

scanned over the region of interest with a constant step. At each scan position, structural 

(BF, ADF) and optical (CL) signals are acquired simultaneously. At the end of the 

acquisition, both the images (BF and ADF) and the spectral map are reconstructed: at each 

pixel of the image corresponds a given spectrum, allowing us to correlate both structural 

and spectroscopic information precisely. 

It must be noted that the spatial resolution of recorded CL images is lower in general than for 

other electron microscopy techniques, as created excitons can diffuse much more in the material. In 

addition, the spatial extension of the excitonic wavefunction can be significant in bulk material. For 

instance, excitons can move over several micrometers in materials such as bulk arsenides [387, 388], 

making the CL technique inadequate for getting short-scale information in this case but still applicable 

for other purposes such as exciton diffusion length measurements [388-389]. However, regarding 

wider bandgap materials such as AlGaN, both phenomena are reduced so that we can obtain 

information on a scale of the order of 15 nm for bulk [139, 320]. The CL spatial resolution can be even 

improved (down to a few nanometers) when working with very small radiative objects such as nitride 

QDisks/QDs, for which carrier diffusion is reduced [391-393]. 

 

2.3.2.1 Cathodoluminescence in a SEM microscope 

 

The SEM microscope is a FEI Quanta 200 from Neel Institute described in Subpart 2.2.1.1. The 

sample temperature could be varied over the 5-300K range thanks to a liquid helium dewar and the 

sample holder heater. The photons emitted by the sample were first collected by a parabolic mirror and 

then focused, thanks to a pair of mirrors, on the entrance slit of a 460 mm focal length 

monochromator. The latter has two gratings (600 lines/mm and 1800 lines/mm) and is associated with 

two detectors: a CCD, allowing the quick recording of simple spectra, and a PMT detector for 
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panchromatic imaging. The first two acquisition modes, a. and b., were mainly used with this setup. 

Figure 2.3.2.1 (a) illustrates the principle of the CL in a SEM setup.  

 

2.3.2.2 Cathodoluminescence in a STEM microscope 

 

The STEM setup VG HB501 is briefly described in 2.2.1.2. Samples are cooled down to 150 K by 

liquid nitrogen. The CL signal was collected by a parabolic mirror and transmitted to the spectrometer 

entrance through an optical fiber. The best spectral resolution is of the order of 4 meV at 300 nm. 

Experiments were mainly performed in the third acquisition mode, the spectral cartography mode (c). 

Figure 2.3.2.1 (b) illustrates the principle of the CL in a STEM setup.  

 

Figure 2.3.2.1: Principle of: (a) a CL setup in a MEB setup (Neel Institute FEI setup), (b) a CL setup in a STEM (LPS 

setup), taken from [391]. 

 

2.3.3 Raman spectroscopy 

 

Raman spectroscopy [359, 394] experiments were also performed on AlGaN NW samples at the 

Institute of material science, in Valencia, Spain. They rely on inelastic scattering, or Raman scattering, 

of monochromatic light, usually from a laser, focused on the sample (crystal or molecule). The laser 

beam interacts with sample vibrations, resulting in the energy of the laser photons being shifted up or 

down. The retroscattered light is then analyzed: the shift in energy gives information about the 

vibrational modes (phonons) in the system. Depending on the scattering geometry configuration, we 

can collect several types of optically active phonon modes. Figure 2.3.3.1 illustrates the six optical 
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phonon modes that can be measured for the WZ nitride structure (see previous reports for more details 

about modes and configurations [395]): 

 

Figure 2.3.3.1: (a) Sketch of the crystal structure for WZ AlGaN. (b) Sketches illustrating the six optical phonon 

modes for such structure.  

The optical phonon modes presented above, which can be longitudinal (noted LO) or transverse (noted 

TO), can notably provide information about the crystalline quality or strain within the sample. In the 

case of an alloy, they can also be used to estimate the average composition. Indeed, when considering 

the E2
H
 vibration mode for instance (also noted E2h in the following), two frequencies are observed in 

AlxGa1-xN: the first one is associated with the Ga-N bond (E2h GaN-like) whereas the other one is 

related to the Al-N bond (E2h AlN-like) [396, 397]. Both frequencies were demonstrated to vary with 

the average AlN molar fraction in fully relaxed AlGaN. Consequently, our samples must be relaxed as 

well, in order to compare results with previous studies used as calibration. In the case of AlGaN NWs, 

such a hypothesis is very reasonable. Theoretical Raman shift values at room temperature (300 K) are 

provided for relaxed GaN and AlN in Table 2.3.3.1, for a few modes. For practical reasons, Raman 

spectroscopy was not much used to estimate the average AlN molar fraction of our AlGaN samples, as 

XRD setups were directly at our disposal in the NPSC laboratory, but rather for other purpose that will 

be described further.   

Phonon modes GaN (cm
-1

) AlN (cm
-1

) 

E2
L
 (low) 144 248 

E2
H
 (high) 567 657 

A1(TO) 532 610 

E1(TO) 559 670 

A1(LO) 734 890 

E1(LO) 741 912 

Table 2.3.3.1: Theoretical Raman frequency values for relaxed GaN and AlN at 300 K, provided for several modes. 
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It must be noted that configurational disorder in the AlxGa1-xN alloy may result in asymmetric Raman 

line shapes for both E2 and A1 phonon modes and small variations in the measured phonon frequencies 

related to AlxGa1-xN. In addition, the Raman signal analysis obtained for AlGaN samples is 

complicated owing to the Si (111) substrate. Indeed, the Raman signal of Si is between those of GaN 

and AlN and consequently overlaps the signal of AlxGa1-xN. Therefore, a reference spectrum for a bare 

Si (111) wafer must be absolutely recorded and subtracted to the AlGaN spectrum, in order to extract 

the Raman shift values conveniently. 

In our experiments, the samples were excited at room temperature with a doubled YAG laser 

emitting at 532 nm and were either as-grown or dispersed AlGaN NWs. In the latter case, the diameter 

of the laser beam spot was of the order of 1 µm thanks to a microscope objective (100x, NA=0.9). The 

main scattering geometry configuration used for measurements was 𝑍(𝑋𝑋)𝑍̅, which allows E2 and 

A1(LO) modes. 
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3. Investigation of carrier localization in AlxGa1-xN nanowires 

 

3.0 Introduction  

 

In order to fully master the manufacturing of AlGaN NW-based optoelectronic devices mentioned 

in section 0.2 and enhance even more their efficiency, fundamental properties of such NWs must be 

examined more deeply to better comprehend and control them. In particular, the issue of alloy 

inhomogeneity at nanoscale in III-N ternary alloy NWs has been investigated in the recent years, more 

widely for InGaN NWs [270, 335, 398-403] than for AlInN NWs [188, 404] or AlGaN NWs [319, 

323-325, 329], but remains far from being completely understood. In this perspective, regarding the 

AlGaN alloy, our team previously demonstrated that the structural properties of NID AlGaN NW 

sections grown by PA-MBE in N-rich conditions at high substrate temperatures (𝑇𝑠𝑢𝑏𝑠 over 810-

840°C, 𝑡𝑑𝑒𝑠
𝐺𝑎  over 7-25 s) on top of GaN NW templates are governed by the presence of Al 

composition inhomogeneities, as exhibited from Figure 3.0.1 (a) to (d). A growth model, which mostly 

relies on kinetics considerations already presented in Subpart 2.1.4 and including the competition 

between the incorporation of the two metallic species, was proposed to explain their formation [139, 

321, 322]. As for the optical properties of such sections, carrier localization was evidenced through PL 

experiments performed on dispersed AlGaN NWs, as shown in Figure 3.0.1 (e) and (f), and assigned 

to compositional fluctuations in the alloy [139, 321, 322].  
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Figure 3.0.1: ADF-STEM images of AlxGa1-xN NW sections grown in N-rich conditions at high substrate temperatures 

(𝑻𝒔𝒖𝒃𝒔 = 825°C, 𝒕𝒅𝒆𝒔
𝑮𝒂  = 8 s) on top of GaN NW templates with average AlN molar fraction x = (a) 0.3, (b) & (d) 0.5, (c) 

0.8. Depending on the AlN molar fraction, the “macro-“structural properties of AlGaN NW vary here: (a) alloy 

seeming rather homogeneous, (b) & (d) macro-compositional fluctuations directly visible in the alloy (chemical 

contrast), (c) pure AlN section nucleating before an alloy appearing rather homogeneous. The latter images are 

examples highlighting the sensibility of these structural properties to kinetics. (e) Temperature-dependent macro-PL 

spectra for an ensemble of Al0.8Ga0.2N NW sections, revealing low quenching with temperature at lower emission 

energy (f) µ-PL spectrum of dispersed Al0.8Ga0.2N NWs at cryogenic temperature (5 K), exhibiting sharp lines and 

superimposed with the macro-PL spectrum. (e) and (f) highlight signs of strong carrier localization. Taken from [321, 

322].  

Furthermore, nanoCL experiments carried out on dispersed AlGaN NW sections revealed position-

dependent luminescence occurring over a wide wavelength range, as illustrated in Figure 3.0.2. This 

was attributed to a composition gradient along the NW growth axis, resulting from nanometric 

compositional fluctuations that were observed until a steady-state regime leading to a more 

homogeneous alloy was reached [139, 320, 321]. Similar experiments were performed more recently 

by another group, highlighting very marked compositional inhomogeneities in investigated Al-rich 

AlGaN NW sections as well, in contrast to their very Al-poor counterparts [329]. 



3. Investigation of carrier localization in AlGaN nanowires 

113 

 

 

Figure 3.0.2: NanoCL spectral imaging for an Al0.8Ga0.2N NW. (a) BF image (Al-rich regions are brighter). (b) DF 

image (Al-rich regions are darker). (c) to (e) CL maps extracted from a spectral image, integrated on a 200 meV range 

with mean energy value of 4.15 eV, 4.80 eV and 5.50 eV, respectively. The intensity scale is arbitrary, but the same for 

the three maps (intensity scaled by a factor of 5 for (d) and (e)). (f) Spectral profile: intensity, integrated over the 

width of the NW, as a function of the energy and the position along the NW axis. The combination of all images 

highlights the position-dependent luminescence energy, from high energy in the section bottom part to lower energy in 

the top part. Taken from [139, 321]. 

It appears from results of these previous works that carrier localization effects associated with alloy 

fluctuations within NWs can be partly controlled by growth parameters, opening the way to 

localization engineering and to enhancement of room-temperature UV-light emission with respect to 

the high IQE values already reported for Al(Ga)N NWs (about 80% for AlN NW [78, 79], around 

50% for AlGaN of low Al composition emitting around 335 nm and 70-80% for AlGaN with higher 

Al content emitting around 265 nm [325]). To move forward in this direction, we will investigate more 

deeply such localization in the following. Its dependence on growth kinetic parameters will be notably 

studied. 
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3.1 Growth and basic structural properties of investigated AlGaN nanowire sections 

 

To study the dependence of carrier localization in AlGaN NWs on growth kinetic parameters 

(namely growth temperature and atomic fluxes setting the average AlN molar fraction), several series 

of samples, consisting of NID AlxGa1-xN NW sections on top of GaN NW templates as described in 

Subpart 2.1.4, were grown in N-rich conditions using the PA-MBE setup detailed in Subpart 2.1.1. For 

a given sample series, metallic fluxes were fixed to the same values so that the nominal AlN molar 

fraction was set to a value comprised over the 0.3-0.7 range, whereas AlGaN growth temperature was 

varied over the 650-875°C range. For all samples, the growth of GaN NW templates, presented in 

Subpart 2.1.3, was performed in identical conditions in order to be as reproducible as possible from 

one sample to another. In particular, the NW template density had to be carefully controlled to take 

advantage of the shadowing effect and avoid the formation of a 2D layer between NWs, while 

preventing them from coalescing and keeping the possibility to disperse them rather easily, as 

described in Subpart 2.1.4.1. A typical density of 2-2.5 10
10

 cm
-2

 allowed us to use the same samples 

for both macro- and µ-characterizations. As for dimensions of NW templates, the latter were typically 

30 nm ± 15 nm wide and grown long enough, typically 500-600 nm long, in order to favor shadowing 

effect and to spot dispersed NWs more easily by SEM. 

The metallic fluxes were calibrated using both the RHEED-based method and the additional NW 

marker technique, respectively presented in Subparts 2.1.2.3 and 2.1.4.2, whereas the N flux was kept 

identical all the time (same parameters for the used N plasma cell). For the growth of AlGaN NW 

sections, the effective NW growth rates estimated for GaN and AlN with the marker technique were 

fixed as a function of the desired nominal AlN molar fraction, and such that their sum was very 

slightly inferior (or at most equal) to stoichiometry (effective III/N ratio ≅ 1) in order to ensure being 

within the N-rich regime and avoid significant NW broadening, while remaining as close as possible 

to metallic flux conditions typically resulting in high crystal quality and smooth surface in the 2D case 

(see Subparts 1.3.2.3 and 2.1.4.1). As for GaN NW templates, they were grown using a typical III/N 

ratio equal to 1/3 as estimated from RHEED-based calibration. It must be noted that stoichiometry 

corresponds to a growth rate of about 0.25 ML/s for the mostly used N plasma cell versus 0.7 ML/s for 

the other and “faster” one. Most AlGaN NW section samples were grown with the “slower” cell, 

whereas the AlGaN QDisk samples presented further in Subpart 3.2.7 were grown using the “faster” 

cell.  During any growth run, the substrate was continuously rotated to promote growth homogeneity, 

since the atomic flux incidence angles were not equal to 0, as previously mentioned in Subpart 2.1. 

Regarding substrate temperatures 𝑇𝑠𝑢𝑏𝑠, they were set, depending on our experimental needs, by 

measuring before each growth, when possible, the corresponding Ga desorption times 𝑡𝑑𝑒𝑠
𝐺𝑎  following 

the exposure of the Si (111) wafer surface to Ga flux in order to ensure reproducibility, as presented in 
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Subpart 2.1.2.2. For this purpose, the Si substrates had to be deoxidized before their introduction in the 

MBE chamber and outgassed once mounted inside until the appearance of the 7x7 Si (111) surface 

reconstruction, as detailed in Subpart 2.1.2.1. Typically, GaN NW templates were grown at substrate 

temperatures corresponding to 𝑡𝑑𝑒𝑠
𝐺𝑎  = 7 s or 𝑡𝑑𝑒𝑠

𝐺𝑎  = 5 s, when growing respectively on bare Si and thin 

AlN buffer. The latter, which was about 4 nm thick, could be grown prior to GaN deposition on the Si 

substrate to improve the NW orientation and reduce the NW nucleation time, as described in Subpart 

2.1.3.2.  

Directly after growth, basic macro-characterization experiments, namely SEM (see Subpart 2.2.1.1), 

XRD (see method described in Subpart 2.2.2) and CW macro-PL (see Subpart 2.3.1.1) experiments 

were systematically performed, in this order, for almost all as-grown samples. STEM (see Subpart 

2.2.1.2) and EDX (see Subpart 2.2.1.3) experiments were then carried out on dispersed NWs from 

well-chosen samples. More complex experiments were also performed on specific samples: for 

instance, resonant XRD experiments presented in Annex 2 allowed us to check that the NID AlGaN 

NWs studied during this PhD are mostly N-polar. 

Figure 3.1.1 provides typical electron microscopy images of AlGaN NW sections grown with the same 

atomic fluxes (nominal AlN molar fraction 𝑥𝑛𝑜𝑚 = 0.6 here) at various growth temperatures. In 

addition, Figure 3.1.2 provides electron microscopy images of AlGaN NW sections grown this time at 

the same temperature but at various AlN molar fractions.  

 

Figure 3.1.1: Typical SEM and STEM-HAADF images respectively for as-grown and dispersed Al0.6Ga0.4N NW 

sections, grown at: (a) & (b) 𝐓𝐬𝐮𝐛𝐬 = 865°C (𝐭𝐝𝐞𝐬
𝐆𝐚  = 5 s), sample N2330, (c) & (d)  𝐓𝐬𝐮𝐛𝐬 = 780°C, sample N2325, (𝐭𝐝𝐞𝐬

𝐆𝐚  = 

60 s), (e) & (f) 𝐓𝐬𝐮𝐛𝐬 = 650°C, sample N2348. The average AlN molar fractions obtained by XRD are respectively equal 

to 0.66, 0.59 and 0.56 for sample N2330, N2325 and N2348. Local Al composition obtained by EDX is given at several 

points labeled by crosses for some NWs. 
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Figure 3.1.2: STEM-HAADF images of dispersed AlGaN NW sections grown at the same low substrate temperature 

(𝐓𝐬𝐮𝐛𝐬 ≈ 780-790°C, 𝐭𝐝𝐞𝐬
𝐆𝐚  = 60 s), but at various nominal AlN molar fractions: (a) x = 0.3, sample N2499 (b) x = 0.5, 

sample N2504 (c) x = 0.7, sample N2507. The GaN NW templates are labeled with blue lines, whereas the Al-richer 

sections are indicated in red. The chemical contrast between the NW templates and the AlGaN section gets more 

significant when increasing the AlN molar fraction, from (a) to (c). Even at lower growth temperature, the Al-richer 

section remains present for high targeted Al content (nominal x = 0.7 in (c)) 

As displayed in the two latter figures through atomic contrast and EDX measurements, the formation 

of an Al-richer section, even pure AlN for high targeted Al content, was systematically observed prior 

to AlGaN when growing NWs at high nominal AlN molar fractions and high substrate temperatures, 

despite the unfavorable lattice mismatch between the GaN NW template and AlN. However, it was 

noted on the whole that this Al-richer section was dramatically shortened when decreasing growth 

temperature. Indeed, in the case of the sample series exhibited in Figure 3.1.1, the length of the latter 

section decreased from above one hundred nanometers when grown at high temperatures (𝑇𝑠𝑢𝑏𝑠 = 

865°C, corresponding to 𝑡𝑑𝑒𝑠
𝐺𝑎  = 5 s) to a few nanometers (5-10 nm) for lower growth temperatures 

(below 𝑇𝑠𝑢𝑏𝑠 = 780°C, corresponding to 𝑡𝑑𝑒𝑠
𝐺𝑎  = 60 s). This decrease in Al-richer section length also 

occurs when diminishing the Al/Ga flux ratio, that is to say the nominal AlN molar fraction, as shown 

in Figure 3.1.2 and similarly to previous reports [139]. Decreasing even more AlGaN growth 

temperature (below 𝑇𝑠𝑢𝑏𝑠 = 700°C and even down to 650°C) allowed us to reduce this undesired 
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section more, even to suppress it completely for some NWs, but at the expense of NW macro-

structural properties, as visible in Figure 3.1.1 (e) and (f). Indeed, a larger and larger part of NW 

population exhibits an irregular shape for lower and lower growth temperature, with parasitic growth 

on NW sidewalls. Such features go hand in hand with the degradation of macro-optical properties, as 

shown further in Subpart 3.2.1. In view of the latter observations, the preferential nucleation of this 

Al-richer section is clearly governed by kinetic processes introduced in Subpart 1.3.2.1 and detailed 

for the peculiar case of AlGaN NW growth in Subpart 2.1.4.1: preferential incorporation of Al 

adatoms, Ga adatom desorption, etc.… 

As expected given the latter processes explained in previous subparts, when decreasing substrate 

temperature, the average AlN molar fraction determined by XRD got lower for fixed atomic fluxes, 

varying for instance from 0.66 to 0.56 for AlGaN NWs of the sample series exhibited in Figure 3.1.1, 

due to lower Ga desorption promoting its incorporation. More generally, Ga incorporation got 

progressively favored during NW growth, since a progressive decrease in AlN molar fraction along 

growth axis was evidenced through EDX experiments whatever the substrate temperature, as 

highlighted for instance for Al0.6Ga0.4N NW sections of Figure 3.1.1 and consistent with Al 

composition gradients reported in previous works [139, 319-321, 323]. Such features can be assigned 

to reservoirs of Ga adatoms that accumulate on top of NWs more or less significantly depending on 

substrate temperature, making their incorporation more probable than the Al ones at one point, and to 

progressive strain relaxation mechanism. 

It must be pointed out that the values of local AlN molar fraction obtained by EDX within the AlGaN 

NW core were slightly biased by the thin Al-richer shell that systematically formed due to lower Al 

adatom diffusion, as explained in Subpart 2.1.4.1. The contribution of the latter could not be easily 

decorrelated but could be approximated, knowing the shell thickness and composition as well as NW 

and AlGaN core diameters, by the following relationship [319]: 

  

𝑥𝑐𝑜𝑟𝑒𝑑𝑐𝑜𝑟𝑒 + 𝑥𝑠ℎ𝑒𝑙𝑙2𝑡𝑠ℎ𝑒𝑙𝑙 = 𝑥𝑐𝑒𝑛𝑡𝑒𝑟𝑑𝑁𝑊 

 

(3.1.1.1) 

where 𝑥𝑐𝑜𝑟𝑒, 𝑥𝑠ℎ𝑒𝑙𝑙, and 𝑥𝑐𝑒𝑛𝑡𝑒𝑟 are the AlN molar fractions respectively of  the AlGaN core, of the 

Al-richer shell, and measured at the NW center by EDX, whereas 𝑑𝑐𝑜𝑟𝑒, 𝑑𝑁𝑊 and 𝑡𝑠ℎ𝑒𝑙𝑙 are 

respectively the core diameter, full NW diameter, and the shell thickness.  

Finally, Figure 3.1.3 provides SEM images taken along the wafer radius for a given AlGaN NW 

sample, illustrating the variation of substrate temperature from the wafer center to the edge described 

in Subpart 2.1.1.3. Such variation will be also highlighted through macro-PL characterization in 

Subpart 3.2.1.  Given the latter variation, NW macro-structural properties remain similar when 

considering NWs less than 10-15 mm away from the wafer center, whereas they abruptly change 

outside this region, when getting closer to the substrate edge. Consequently, most macro-structural 
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characterizations such as XRD and NW dispersions for µ-structural characterizations like EDX were 

performed as close to the wafer center as possible, remaining within the area where substrate 

temperature variation was low during growth. 

 

Figure 3.1.3: Side-view and top-view SEM images taken for a given wafer (sample N2330, Al0.6Ga0.4N NWs, 𝐓𝐬𝐮𝐛𝐬 = 

865°C, i.e. 𝐭𝐝𝐞𝐬
𝐆𝐚  = 5 s) at: (a) 0 mm (center), (b) 5 mm, (c) 10 mm, (d) 15 mm, (e) 20 mm from the wafer center. NW 

density and dimensions remain similar over the 0-10/12 mm range, due to almost constant substrate temperature over 

this range, and abruptly change above, owing to the brutal decrease in temperature: when getting closer to the wafer 

edge, the NW density increases due to lower incubation time, whereas the NW length decreases due to lower Ga 

diffusion length. 

 

 

3.2 Optical properties of AlGaN nanowire sections 

 

3.2.1 Average luminescence of as-grown AlGaN nanowires grown in various conditions 

 

Before investigating the localization properties at the scale of single NWs, we first looked at the 

macro-optical properties of as-grown ensembles of AlGaN NW sections, for several series of samples 

grown in various conditions described in Subpart 3.1. Most macro-PL experiments were carried out 

with the setup detailed in Subpart 2.3.1.1 and equipped with the 244 nm CW laser, limiting the 
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acquisition range to an average AlN molar fraction less than 0.65-0.75 (depending on the Stokes shift). 

In this case, the spot diameter was of the order of 50 µm, meaning that we were exciting about 5 10
5
 

NWs for a typical NW density of 2.5 10
10 

cm
-2

. 

First, Figure 3.2.1.1 shows the normalized macro-PL spectra recorded at low temperature and low 

excitation power for AlGaN NW samples all grown at high temperatures (𝑇𝑠𝑢𝑏𝑠 > 810°C, 𝑡𝑑𝑒𝑠
𝐺𝑎  < 25 s) 

but at various several nominal AlN molar fractions over the 0.35-0.75 range. A blue-shift is globally 

observed as expected when increasing the average AlN molar fraction over the investigated range. The 

related Stokes shifts are provided in Figure 3.2.1.2 and were estimated by subtracting the experimental 

emission energies corresponding to NBE (main peak of highest energy) from the theoretical NBE 

energies calculated using D°X emission energy values for binaries, the AlN molar fractions measured 

by XRD (see Subpart 2.2.2) and a bowing parameter value of +1 eV (see Figure 1.2.2.1). The Stokes 

shift does not vary much for low Al contents within AlGaN NW sections but abruptly increases for 

AlN molar fractions above 0.5 up to an estimated value around 600 meV for a molar fraction value of 

0.75, evidencing a less and less disordered alloy, in other words a less homogeneous alloy, for higher 

Al contents. Such increase with Al composition was also reported in previous works [180, 181]. In 

addition, such high Stokes shift values are not surprising for Al-rich AlGaN and consistent with other 

works reporting shifts of hundreds of meV even up to 950 meV [182, 405, 406]. 

The related linewidths of the main NBE peak (of highest energy) were also derived from each PL 

spectrum, by fitting the part above the GaN bandgap with multiple Gaussian functions as illustrated in 

Figure 3.2.1.3 (a). It can be noticed on Figure 3.2.1.3 (b) that on the whole, the linewidth, 

corresponding to the Gaussian full width at half maximum (FWHM), slightly increases with AlN 

molar fraction from 130 meV up to 230 meV for x ≈ 0.75 (sample N2501), excluding the point 

corresponding to one of the 60% Al samples (N2196) of lower quality than the others. In view of 

Subpart 1.2.2.2, the AlN molar fraction value of 0.75 roughly corresponds to the value for which the 

linewidth is expected to be maximal, and the related linewidth magnitude is well above the state-of-

the-art value of 60 meV reached for similar Al content [160, 175]. However, in the latter case, AlGaN 

was grown, contrary to our samples, in metal-rich conditions which result in more homogeneous alloy, 

as already mentioned in Subpart 2.1.4.1, but are not compatible with the growth of NWs separated 

enough for single NW dispersion. Linewidth values comparable to ours are much more commonly 

reported for 2D layers [182] and NWs [81, 139, 327]. 
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Figure 3.2.1.1: Macro-PL spectra for several AlGaN NW section samples grown at high temperatures (𝑻𝒔𝒖𝒃𝒔 > 810°C, 

𝒕𝒅𝒆𝒔
𝑮𝒂  < 25 s) and at various nominal AlN molar fractions: 0.35, 0.5, 0.6 and 0.75, gathered in 4 groups respectively 

labeled in blue, green, red and black. For each spectrum, the sample number, the average AlN molar fraction x 

determined by XRD and the Ga desorption time indicating growth temperature are provided in legend. 
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Figure 3.2.1.2: Evolution of Stokes shift with AlN molar fraction labeled in red circles, for all the samples investigated 

in Figure 3.2.1.1. The related evolution of the experimental NBE emission energy is also provided and labeled in black 

squares. 
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Figure 3.2.1.3: (a) Example of NBE peak fit performed with Gaussian lines (sample N2170). (b) Evolution of the 

linewidth of main NBE peak (blue line in (a)) with the AlN molar fraction, for the samples investigated in Figure 

3.2.1.1. 

Next, AlGaN NW sections grown with the same metallic fluxes but at various temperatures over 

a wide 650-865°C range were also macro-optically characterized. Figure 3.2.1.4 shows the macro-PL 

spectra recorded in the same conditions (low temperature and excitation power, normalized acquisition 

time) for as-grown Al0.6Ga0.4N NWs from the same sample series. It can be seen that the macro-optical 

properties of NWs degrade when decreasing too much the AlGaN growth temperature. Indeed, the PL 

intensity significantly weakens for AlGaN NW samples grown below 750°C for this sample series, 

which is likely due to the increase in non-radiative recombinations occurring at structural defects for 

which the formation probability increases when lowering growth temperature. Moreover, the peaks 

tend to red-shift as well when decreasing growth temperature, which can be notably explained by a 

lower average AlN molar fraction in the AlGaN section. Indeed, XRD measurements (see Subpart 

2.2.2) gave us an average AlN molar fraction varying from about 0.66 at 865°C to about 0.56 at 700°C 

(about 0.59 at 780°C). During growth, Ga desorbs less at lower temperature so that we incorporate 

more Ga to the expense of Al in this case and obtain a Ga-richer AlGaN alloy emitting at lower 

energies.  
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Figure 3.2.1.4: Macro-PL spectra recorded at low temperature (10 K) for several Al0.6Ga0.4N NW section samples 

grown using the same recipe except that AlGaN growth temperature was varied over a 650-865°C range (𝐓𝐬𝐮𝐛𝐬). The 

corresponding 𝐭𝐝𝐞𝐬
𝐆𝐚  is given between brackets in legend. Samples from 865°C to 650°C: N2330, N2325, N2326, N2327, 

N2352, N2348.  

In addition to the previous remarks, extra peaks or shoulderings can be clearly observed at lower 

emission energy in Figure 3.2.1.4, whatever the growth temperature, similarly to a few spectra 

displayed previously in Figure 3.2.1.1. These additional peaks likely correspond to the NBE of AlGaN 

alloys exhibiting different composition (lower Al one), which is very plausible in view of the 

inhomogeneity of samples highlighted by high Stokes shift values. Similar observations have already 

been made for AlGaN 2D layers [407] and NWs [139, 321, 322]. Temperature- and power-dependent 

macro-PL experiments were also performed to assess the behavior of these additional peaks compared 

to the main NBE one at higher energy and to support our assumption. Figure 3.2.1.5 provides the 

evolution of macro-PL spectra with temperature, recorded at low excitation power (typically 10 µW), 

for two samples from the series investigated in Figure 3.2.1.4. It can be seen on the whole that the PL 

intensity significantly quenches above 100 K. Indeed, the IQE, which can be estimated by the ratio 

between the PL intensity at room temperature and the one at cryogenic temperature (noted 𝐼300𝐾/𝐼10𝐾 

ratio) of the main NBE peak at higher energy, is of the order of or inferior to 1% in the present case. 

When considering all samples probed by temperature-dependent macro-PL, the IQE at room 

temperature was observed to vary over the 0.1-10% range and globally to increase with Al content, 

reaching about 8% for the Al-richest sample of the series (x ≈ 0.75). Regarding other peaks at lower 

energy observed above the GaN bandgap, their PL intensity quenching with temperature was globally 

observed to be less significant. This is directly visible in the case of Figure 3.2.1.5 (b) and is likely to 
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be partly due to carrier thermal escape towards lower energy levels with increasing temperature, 

similarly to previous reports [139, 321, 322, 407]. However, associated 𝐼300𝐾/𝐼10𝐾 ratios remained 

low on the whole, barely higher than IQE values related to the main NBE peaks. The temperature 

dependence of peak emission energies is also provided for the example of Figure 3.2.1.5 (a) in Figure 

3.2.1.6 (a), revealing a strictly monotonous evolution fitted with Varshni and Bose-Einstein laws: no 

clear S-shape was evidenced for the present example, which was also the case for all other examined 

samples. The resulting fitting parameters are provided in Figure 3.2.1.6 (b), leading in this case to 

values (especially for characteristic temperatures) below the ranges typically reported in the literature 

for related GaN and AlN binaries, but highlight a similar trend between the peaks attributed to NBEs 

for AlGaN of different composition.  

In virtue of the absence of net S-shapes, the low 𝐼300𝐾/𝐼10𝐾 ratios for any AlGaN-related peak and the 

low density of non-radiative centers related to crystallographic defects expected in our NWs, carrier 

localization is weak in these samples. The upward trend in the latter ratios with increasing AlN molar 

fraction is consistent with the literature, both for NWs [325] and films [156, 174, 180, 408]. In the 2D 

case, the localization energy, derived from S-shape curves, was clearly evidenced to rise with AlN 

molar fraction over the Al composition range investigated in this study. Nonetheless, given our high 

estimated Stokes shift values emphasizing alloy inhomogeneity, we would have expected stronger 

localization associated with lower PL intensity quenching when increasing temperature, in view of the 

30-80% IQE value range reported for AlGaN epilayers [409] and AlGaN NWs grown in conditions 

close to ours [77, 325]. It must be noted that that the disparity on IQE values notified in literature is 

substantial. Indeed, values similar to ours can be easily found for AlN molar fractions over the 0.3-0.8 

range, both in the 2D [160, 184, 407, 410] and NW [139, 322, 324] cases. 
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Figure 3.2.1.5: Temperature-dependent macro-PL over the 10-300 K range for as-grown Al0.6Ga0.4N NWs grown at 

(a) 𝑻𝒔𝒖𝒃𝒔 = 865°C, 𝒕𝒅𝒆𝒔
𝑮𝒂  = 5 s (sample N2330) and (b) 𝑻𝒔𝒖𝒃𝒔 = 750°C, 𝒕𝒅𝒆𝒔

𝑮𝒂  = 120 s (sample N2326). Dashed guidelines are 

sketched for the main peaks/shoulders. 
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Figure 3.2.1.6: (a) Evolution with temperature of the emission energy, from spectra of Figure 3.2.1.5 (a), for the 

Gaussian line fitting the main NBE at higher energy (peak 1), the one fitting the NBE shouldering at lower energy 

(peak 2), and the maximum experimental intensity. Gaussian fits were performed similarly to Figure 3.2.1.3. (b) 

Parameter values resulting from fitting peak 1 and peak 2 with Varshni and Bose-Einstein laws.  

As for power-dependent experiments, typical spectra are provided in Figure 3.2.1.7 for two samples 

exhibiting as well several peaks attributed to alloy inhomogeneity. Given that all spectra do not shift 

with power, it can be first inferred that the peaks at lower energy do not originate from power-

sensitive defects such as DAPs. Second, it can be directly seen that the emission energy of the peak at 

lower energy for the sample of Figure 3.2.1.7 (a) differs from the other sample of Figure 3.2.1.7, in 

contrast to the main NBE peak at higher energy and emitted around 4.155 eV in both cases. More 

generally, we did not evidence, from the comparative analysis of samples belonging to a same series 

such as those of Figure 3.2.1.7 and Figure 3.2.1.4 or from the comparison between sample series, any 

specific trend about the features (not only emission energy, but also linewidth and intensity) of lower 

energy peaks with respect to those of main NBE emission at higher energy. If such a trend had been 

highlighted, it would have been a clue of the presence within samples of defects or impurities 

exhibiting specific optical signature as previously explained in Subparts 1.2.1.2 and 2.3.1.2. 
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Figure 3.2.1.7: Power-dependent macro-PL spectra for Al0.5Ga0.5N NWs grown at (a) 𝑻𝒔𝒖𝒃𝒔 = 840°C, 𝒕𝒅𝒆𝒔
𝑮𝒂  = 10 s 

(sample N2502) and (b) 𝑻𝒔𝒖𝒃𝒔 = 790°C, 𝒕𝒅𝒆𝒔
𝑮𝒂  = 60 s (sample N2504). Dashed guidelines are sketched for the main peaks. 

 

Finally, similarly to the macro-structural characterization data presented in Figure 3.1.3, macro-

PL spectra were recorded along the wafer radius for the same sample, as displayed in Figure 3.2.1.8. It 

can be directly seen from the latter that the PL spectrum shape is similar when remaining less than 10 

mm away from the wafer center, in contrast to the substrate edge, which is consistent with the 

evolution along the wafer radius of macro-structural properties provided in Subpart 3.1. However, it 

can be noticed that the emission slightly blue-shifts when getting further than 15 mm from the wafer 

center, which may seem contradictory in view of kinetics considerations presented in previous 

subparts. Indeed, we would rather expect to make Ga incorporation easier, given the decrease in 

temperature along the wafer radius (starting from the wafer center), and therefore observe an emission 

red-shift. A first plausible explanation would be that, in the present case, AlGaN NW sections are 

quite short on the whole (less than 320 nm) and get shorter when getting closer to the wafer edge 

(from the analysis of SEM images provided in Figure 3.1.3, the sections are about 290-300, 250-260, 

and 200-210 nm long, respectively at 10, 15 and 20 mm away from the wafer center), considering that 

the Al-richer sections preferentially nucleating on top of GaN NW templates (pure AlN for this Al-

rich sample example, see Figure 3.1.1 (b)) are likely to be of same length along the wafer radius 

(despite the estimated 20-30°C decrease along wafer radius, substrate temperature remains high 

everywhere given that Tsubs = 865°C here). Therefore, knowing that Ga incorporation gets 

progressively easier during the alloy growth (leading to alloy compositional gradient along the NW 

growth axis) until a steady state regime (associated with a more homogeneous alloy) is reached as 

previously described, higher average AlN molar fractions may be obtained for wafer areas exhibiting 

AlGaN NW sections shorter than for other zones and too short to reach this steady state regime. A 

lower Stokes shift, consistent with the growth of a more homogeneous alloy usually observed at lower 

temperatures, would also explain the wafer edge blue-shifted emission convincingly. For other 
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characterized samples exhibiting longer and/or Ga-richer AlGaN NW sections, wafer edge emission 

was globally observed to be red-shifted compared to wafer center emission, consistently with kinetics 

considerations. 
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Figure 3.2.1.8: Evolution of PL spectra recorded at low temperature (10 K) with the wafer radius (for the same 

sample N2330 as Figure 3.1.3: Al0.6Ga0.4N NWs, 𝐓𝐬𝐮𝐛𝐬 = 865°C, i.e. 𝐭𝐝𝐞𝐬
𝐆𝐚  = 5 s).  

In view of Figure 3.2.1.8 and related comments, dispersions of NWs prior to their µ-optical 

characterization were carried out as close to the wafer center as possible, remaining within the area 

where substrate temperature variation was low during growth. The results of such µ-characterization 

performed to investigate localization properties will be now presented in the following subparts. 

 

3.2.2 Luminescence of single AlGaN nanowires grown in various conditions  

 

In order to assess the dependence of localization on growth kinetic parameters, we first performed 

µ-PL experiments on dispersed AlGaN NW sections grown in various conditions within the N-rich 

regime, as described in Subpart 3.1 (𝑇𝑠𝑢𝑏𝑠 varied over a 650-875°C range, AlN molar fraction 𝑥 varied 

over the 0.3-0.7 range). Such experiments were carried out with the same CW laser as macro-PL (244 

nm emission, setup described in Subpart 2.3.1.1). The spot size of the order of 1 µm allowed us to 

excite individual or small bunches of NWs mechanically dispersed on Si substrates. 

Figure 3.2.2.1 displays typical µ-PL spectra recorded at low temperature (10 K) for AlxGa1-xN NWs 

grown at several average AlN molar fractions (𝑥 = 0.4, 0.5 and 0.7). They all reveal numerous sharp 

emission lines typical of localized exciton emission, whatever the average AlN molar fraction. 



3. Investigation of carrier localization in AlGaN nanowires 

127 

 

3.8 3.9 4.0 4.1 4.2 4.3 4.4 4.5 4.6

 Al
0.4

Ga
0.6

N NWs 

        (840 °C, 9 s) 

 Al
0.5

Ga
0.5

N NWs 

        (845 °C, 9 s) 

 Al
0.7

Ga
0.3

N NWs

        (850 °C, 10 s) 

N
o

rm
a
li
z
e
d

 µ
-P

L
 i
n

te
n

s
it

y
 (

a
rb

.u
n

it
s
)

Energy (eV)

Measured 

at 10 K

330 320 310 300 290 280 270

Wavelength (nm)

 

Figure 3.2.2.1: Low temperature (10 K) µ-PL spectra for AlxGa1-xN NW sections of various AlN molar fractions and 

dispersed on Si substrates (samples N2235, N2240 and N2501 from lowest to highest AlN molar fraction x). AlGaN 

NW growth temperature and the corresponding Ga desorption time are indicated between brackets in legend (𝑻𝒔𝒖𝒃𝒔, 

𝒕𝒅𝒆𝒔
𝑮𝒂 ). For all samples, 𝑻𝒔𝒖𝒃𝒔 = 840-850°C, 𝒕𝒅𝒆𝒔

𝑮𝒂  = 9-10 s. 

In addition, Figure 3.2.2.2 shows some of the µ-PL results, obtained at low sample temperature (10 K) 

for dispersed Al0.6Ga0.4N NW sections grown at various temperatures between 𝑇𝑠𝑢𝑏𝑠 = 650°C and 

865°C. Similar sharp lines can be observed as well, whatever the growth temperature.  
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Figure 3.2.2.2: Low temperature (10 K) µ-PL spectra for Al0.6Ga0.4N NWs dispersed on Si substrates (samples N2348, 

N2325, N2330 from lowest to highest temperature). AlGaN NW growth temperature and the corresponding Ga 

desorption time are indicated between brackets in legend (𝑻𝒔𝒖𝒃𝒔, 𝒕𝒅𝒆𝒔
𝑮𝒂 ). 
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In the latter µ-PL experiments, presented in Figure 3.2.2.1 and Figure 3.2.2.2, the exact number 

of excited AlGaN NWs was not known. Consequently, we could not know if we were exciting a few 

NWs emitting numerous lines each or many NWs emitting few lines each. Therefore, AlGaN NWs 

were mechanically dispersed on specific Si substrates having etched markers, so that single (or very 

few) and isolated NWs could be located precisely by SEM before carrying out µ-PL experiments. In 

other words, we ensured that a small and well defined amount of alloy material was excited by the 

laser. Such NWs were briefly spotted at low SEM magnification in order to limit the possible 

degradation of their optical properties by the electron beam [346], as illustrated in Figure 3.2.2.3 (a) 

for a single Al0.6Ga0.4N NW section on top of its GaN NW template. 

Statistics performed from µ-PL spectra recorded for isolated NWs resulted in a typical and significant 

spectral line density of the order of 10
5
 µm

-3
, i.e. 10

17
 cm

-3
.  The detail is provided for a series of 

Al0.6Ga0.4N NW samples in the following. For the latter, we analyzed about 20 isolated NWs grown at 

low enough temperatures (typically 𝑇𝑠𝑢𝑏𝑠 over 750-780°C, corresponding to 𝑡𝑑𝑒𝑠
𝐺𝑎  of the order of 1-2 

min) in order to limit the length of the pure Al-richer section preferentially nucleating on the GaN NW 

base to a few nanometers. The excited volume of AlGaN material was thus more accurately estimated 

than for NWs grown at higher temperatures, since in the latter case the disparity on the parasitic Al-

richer section length values would be significant compared to the one on AlN+AlGaN section length 

ones. The probed single AlGaN NWs present a typical volume of  about 2.3 10
5
 nm

3
 corresponding to 

a reverse top-truncated cone which is 275 nm long, 25 nm wide at the bottom and 40 nm wide at the 

top. These three dimensional values correspond to average values extracted from statistics performed 

on highly magnified STEM images recorded for single AlGaN NWs of investigated samples 

(estimated standard deviation of 15, 3 and 4 nm respectively for the length, the bottom and top 

diameters). Figure 3.2.2.3 (b) exhibits the µ-PL data related to the dispersed NW of Figure 3.2.2.3 (a) 

and the number of spectral lines. Using the same counting protocol for all spectra led to an estimated 

average of 40 lines per wire (and an estimated standard deviation of 10), corresponding to a typical 

value of 1.8 10
5
 µm

-3
 for the spectral line density, i.e. 1.8 10

17
 cm

-3
. The latter is above or of the order 

of magnitude of the residual “shallow” impurity concentrations in AlxGa1-xN, commonly reported to be 

over the 10
16

-10
17

 cm
-3

 range [411, 412]. In addition, a capture radius of the order of 10-15 nm could 

be directly estimated from this density value. Such density value implies that localized carrier 

recombination is unlikely to be related to the mere excitons bound to shallow substitutional impurities, 

which will be further supported by temperature-dependent µ-PL experiments in Subpart 3.2.4. 
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Figure 3.2.2.3: (a) SEM image of a single Al0.6Ga0.4N NW (sample N2326) grown at 𝑻𝒔𝒖𝒃𝒔 = 750°C (𝒕𝒅𝒆𝒔
𝑮𝒂  = 120 s) and 

dispersed on an etched Si substrate (hole markers). (b) µ-PL spectrum for the single NW shown in (a): 38 lines were 

counted over the emission range (3.7-4.5 eV).    

When focusing on individual µ-PL lines, statistics performed on the latter led to typical linewidth 

values of a few meVs. These values actually correspond to the FWHM of Lorentzian functions fitting 

µ-PL lines isolated enough on µ-PL spectra recorded at cryogenic temperatures (10 K), as shown in 

Figure 3.2.2.4. Physically, such functions describe very well the intrinsic broadening of spectral lines 

[413] but do not fit perfectly our experimental data, as it can be seen in Figure 3.2.2.4. In reality, other 

factors (instrumental response, inhomogeneous broadening) must be also taken into account, so that 

the line shape rather corresponds to the convolution of a Lorentzian with a Gaussian, namely a Voigt 

function. However, the latter is complicated to compute but can be well approximated by Pseudo-

Voigt functions, similarly to the case of XRD lines as described in Subpart 2.2.2. For practicality, we 

chose to keep fitting with Lorentzian functions which gave reasonable fits. The investigated lines were 

emitted over the 3.7-4.5 eV range by dispersed Al0.4Ga0.6N, Al0.5Ga0.5N and Al0.6Ga0.4N NWs from 5 

different samples grown at rather high temperatures (𝑇𝑠𝑢𝑏𝑠 > 800°C, 𝑡𝑑𝑒𝑠
𝐺𝑎  < 30 s). Figure 3.2.2.5 (a) 

gives the distribution of all FWHM values for the numerous investigated lines (about 100) whatever 

their emission energy, with respect to an estimated FWHM mean of about 2.5 meV. It can be seen that 

most FWHM values are comprised between 1 and 5 meV and very dispersed over this range. Figure 

3.2.2.5 (b) shows the evolution of estimated FWHM means for every 0.15 eV range over the whole 

3.75-4.5 eV range. It must be noted that there are at least 10 FWHM values per 0.15 eV range and that 

the standard deviation is similar for each range. No specific trend regarding the evolution of linewidth 

with emission energy emerged from this last dataset.  
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Figure 3.2.2.4: µ-PL lines emitted by (a) Al0.6Ga0.4N NW (sample N2330) and (b) Al0.4Ga0.6N NW (sample N2235) 

grown at high temperature (𝑻𝒔𝒖𝒃𝒔 > 800°C, 𝒕𝒅𝒆𝒔
𝑮𝒂  < 30 s). These lines were recorded at cryogenic temperature (10 K) 

and fitted with Lorentzian function. The FWHM value is given in legend. 
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Figure 3.2.2.5: (a) Distribution of FWHM values (whatever the related line emission energy) with respect to the 

estimated FWHM mean value (2.45 meV). The abscissa is centered on the estimated mean and normalized with 

respect to the estimated standard deviation (1.09 meV). (b) Evolution of the FWHM mean value with emission 

energy/wavelength (for every 0.15 eV range). 

These linewidths are quite small compared to the usual linewidth of ternary alloys, but rather large 

compared to what is usually observed for an isolated enough QD. Indeed, linewidth values can be as 

low as a few tens of µeV for arsenide QDs [414]. However, in the case of III-N QDs, time-dependent 

spectral diffusion effects related to trapped charges usually broaden the emitted lines [415, 416], 

resulting in linewidth values of the same order of magnitude as ours. The latter effects mostly depend 

on the dot and its close environment, not on its emission energy. 
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3.2.3 Evidence of a quantum-dot like behavior for localization centers 

 

In order to check whether each line stems from a single localization center, HBT-type [382] 

photon correlation experiments were carried out on dispersed NWs. The corresponding setup is 

detailed in Subpart 2.3.1.4, whereas the experiment principle is briefly reminded and illustrated for a 

single dispersed AlGaN NW excited by the 244 nm CW laser in Figure 3.2.3.1. The typical integration 

time required for performing second-order correlation measurements was of the order of 1 hour, after 

having selected a proper µ-PL line: the latter had to be intense enough (ideally superior to 10000 

counts per second) at a reasonable incident optical power (of the order of 10-25 µW).  

 

Figure 3.2.3.1: Principle of the photon correlation experiment reminded and illustrated for a single AlGaN NW 

dispersed on a hole-marked Si wafer, as shown on the SEM image. 

These experiments performed on a few wires from samples of different series (various AlN molar 

fraction and growth temperature) revealed antibunching, typical of a quantum dot-like (QD-like) 

behavior [417], as shown in Figure 3.2.3.2 and Figure 3.2.3.3. The latter give examples of 

experimental second-order intensity correlation related to the µ-PL lines framed in red and emitted by 

dispersed Al0.5Ga0.5N (growth at 𝑇𝑠𝑢𝑏𝑠 = 850°C, 𝑡𝑑𝑒𝑠
𝐺𝑎  = 7 s) and Al0.4Ga0.6N NWs (growth at 𝑇𝑠𝑢𝑏𝑠 = 

840°C, 𝑡𝑑𝑒𝑠
𝐺𝑎  = 9 s). The associated fit was done using a simple two-level atom model described in 

Subpart 1.2.3.4 and considering that the biexciton population could be discarded in view of the rather 

low excitation power used, which led to the following expression for the second-order intensity 

correlation [190]: 

  

𝑔2(𝜏) = 1 − 𝐴0𝑒
−
|𝜏|
𝜏0  

 

(3.2.3.1) 

where A0 is the dip depth and τ0 is the characteristic time depending on the radiative lifetime τx and the 

pumping rate Γ, such as 1/τ0 = 1/τx + Γ. At low excitation power, Γ is low, so that τ0 is close to τx. 
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Parameter values τ0 = 0.31 ns and A0 = 0.57 were obtained, the latter being in very good agreement 

with the experimental autocorrelation value 𝑔2(0) equal to 0.43 and below the 0.5 limit for single 

photon emission [383, 384]. The 𝑔2(0) value would be lower with a better detector time resolution 

and without the background contribution which is not subtracted here.  
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Figure 3.2.3.2: (a) Low temperature (10 K) µ-PL spectrum recorded at an excitation power of 25 µW for an 

Al0.5Ga0.5N NW (sample N2136) grown at  𝑻𝒔𝒖𝒃𝒔 = 850°C, corresponding to 𝒕𝒅𝒆𝒔
𝑮𝒂  = 7 s. (b) Experimental second-order 

intensity correlation 𝒈𝟐(𝝉) related to the µ-PL line framed in red in (a). The orange fitting curve corresponds to a 

two-level atom model. 
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Figure 3.2.3.3: (a) Low temperature (10 K) µ-PL spectrum recorded at an excitation power of 25 µW for an 

Al0.4Ga0.6N NW (sample N2235) grown at 𝑻𝒔𝒖𝒃𝒔 = 840°C, corresponding to 𝒕𝒅𝒆𝒔
𝑮𝒂  = 9 s. (b) Experimental second-order 

intensity correlation 𝒈𝟐(𝝉) related to the µ-PL line framed in red in (a).  

We also investigated the temperature-dependence of the second-order correlation function: no crossing 

of the 0.5 limit was observed when increasing the sample temperature at least up to 100 K, as 
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exhibited in Figure 3.2.3.4 for the µ-PL line of Figure 3.2.3.2. In other words, we were sure of 

maintaining single-photon emission up to the latter temperature. 
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Figure 3.2.3.4: Experimental second-order correlation function 𝒈𝟐(𝝉) recorded at various sample temperatures for 

the µ-PL line of Figure 3.2.3.2. 𝒈𝟐(𝟎) = 0.38 at 10 K, 𝒈𝟐(𝟎) = 0.44 at 50 K and 𝒈𝟐(𝟎) = 0.47 at 100 K. 

In view of the long typical integration time (at least 1 hour in general), especially for less intense µ-PL 

lines when increasing the sample temperature, and frequent cryostat drifts, it was difficult to record 

photon correlation histograms at higher temperatures for the same µ-PL sharp line [418]. In view of 

the typical evolution of µ-PL data above 50 K, the crossing of the 0.5 value is very likely to be 

observed before reaching 150 K. Let us remind that the measured value of 𝑔2(0) was biased 

(overestimated) by the time resolution of our photomultiplier detectors (180 ps for each one, leading to 

255 ps when convoluting Gaussian instrumental responses for both detectors), which is comparable to 

the lifetime of the transitions we probed (see Subpart 3.2.6), and by the background contribution.  

In addition, some power-dependent second-order correlation measurements were carried out at 10 K 

on the same line at 10 µW, 25 µW and 100 µW, giving 𝑔2(0) values respectively equal to 0.38, 0.43 

and 0.55, as shown in Figure 3.2.3.5. Considering a low bias on the measured 𝑔2(0) value, the 

crossing of the real 0.5 value is likely to be observed for an excitation power of the order of 100 µW: 

we are then no longer sure to be in a pure single-photon emission regime, which was expected in view 

of the significant power density. An extra line related to biexcitonic emission is likely to be clearly 

visible when increasing power even more, which will be further discussed in Subpart 3.2.5. 
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Figure 3.2.3.5: Experimental second-order correlation function 𝒈𝟐(𝝉) recorded at various excitation powers for the µ-

PL line of Figure 3.2.3.2. 𝒈𝟐(𝟎) = 0.38 at 10 µW, 𝒈𝟐(𝟎) = 0.43 at 25 µW and 𝒈𝟐(𝟎) = 0.55 at 100 µW. 

 

3.2.4 Attribution of the quantum dot-like behavior to compositional fluctuations in 

AlGaN nanowires 

 

After having shown that each line originates from a single localization center, we then sought to 

identify the type of centers that we are dealing with. Actually, we wondered whether the observed µ-

PL sharp lines stem from QD-like structures spontaneously induced by compositional fluctuations in 

the AlGaN alloy, namely Ga-richer regions surrounded by Al-richer barriers, or whether they are due 

to recombination of electron-hole pairs trapped by or bound to impurities or defects present in AlGaN 

NW sections.  

First, contrary to other reported NW systems such as crystal phase quantum structures [419, 420], 

these lines are unlikely to be related to excitons bound to SFs. Regarding the latter, high-resolution 

(HR) microscopy carried out on a few NWs with AlGaN sections grown at high temperatures 

previously reported [139] and presenting µ-PL sharp lines as well exhibit very few or no SFs.  

Second, the possibility of lines stemming from deeper QD-like impurity or defect centers, as reported 

for instance for arsenide epitaxial layers intentionally doped [421, 422] or unintentionally 

contaminated [423], can also be discarded. Indeed, no intentional doping was performed during the 

growth of the investigated samples, whereas the MBE chamber vacuum was very good during growth 
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(of the order of 10
-10 

mbar before turning on N plasma cell, low partial pressures for residual gases 

according to QMS). In the latter report, unintentional contamination was convincingly assigned to 

stem from the used Si and Ge substrates. In our case, in view of the temperatures reached by the Si 

(111) wafer during growth, Si atoms were likely to diffuse from the substrate into the NWs [424], but 

mainly in their bottom part, namely the GaN NW templates, and near surface [425]. Consequently, 

residual Si concentration in the top part, in other words the AlGaN NW section, is likely to be very 

low. Moreover, Si mainly behaves as a shallow donor in nitrides, a case that will be discussed further 

in this section.  Furthermore, macro-PL data for all investigated sample series did not exhibit any extra 

band/peak in addition to those attributed to the AlGaN NBE, the GaN NBE and GaN donor acceptor 

pairs (DAPs), and no sharp lines similar to those observed over the emission energy range 

corresponding to the broad macro-PL emission assigned to the AlGaN NBE were present below the 

latter range, as shown in Figure 3.2.4.1. On the latter, macro-PL for as-grown samples and µ-PL data 

recorded for bunches of dispersed NWs are superimposed. The AlGaN NBE emission range on macro-

PL spectra recorded for an ensemble of NWs corresponds to the sum of sharp µ-PL lines observed 

when performing spatially resolved PL, as it is usual for a QD system and observed as well for 

previously reported AlGaN NWs grown at high temperature [139].  
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Figure 3.2.4.1: Macro-PL and µ-PL data recorded at 10 K and superimposed for Al0.6Ga0.4N NW samples grown at 

(a): 𝑻𝒔𝒖𝒃𝒔 = 865°C (corresponding to 𝒕𝒅𝒆𝒔
𝑮𝒂  = 5 s, sample N2330), (b) 𝑻𝒔𝒖𝒃𝒔 = 750°C (𝒕𝒅𝒆𝒔

𝑮𝒂  = 120s, sample N2326). 

In addition to previous points, power-dependent µ-PL measurements performed using the µ-CW PL 

setup detailed in Subpart 2.3.1.1 did not reveal either a complete saturation or even a square root 

dependence of the PL intensity at moderate/high excitation power as often observed for nitrides in 

deeper defect-related PL studies [134, 426, 427]. We typically worked with excitation power between 

1 µW and 1 mW. Knowing that the spot area was of the order of 1 µm
2
 on samples, the associated 

excitation densities were comprised between 10
2
 and 10

5
 W.cm

-2
, which is well above the 10

-2
-1 

W.cm
-2

 range from which this square root dependence can be observed [134]. Examples of such 
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power-dependent measurements are given below in Figure 3.2.4.2 and afterwards in Subpart 3.2.5, 

only evidencing linear or superlinear dependences of line intensity on excitation power. 
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Figure 3.2.4.2: (a) Evolution with excitation power (values in legend) of two µ-PL lines emitted by Al0.6Ga0.4N NW 

section (sample N2196) grown at high temperatures (𝑻𝒔𝒖𝒃𝒔 > 830°C, 𝒕𝒅𝒆𝒔
𝑮𝒂  < 10 s). (b) Evolution of line emission energy 

with power. (c) Line maximum intensity versus excitation power, both on logarithm scales. Linear fits on logarithm 

scale result in slopes of 1.16 and 1.10, typical of linear dependence. 

Last, the possibility of emission stemming from excitons bound to shallower impurities acting as 

donors rather than being localized in Ga-richer regions remains to be investigated. In the first case, the 

variation in emission wavelengths would be due to variations in AlGaN composition on a “large” 

spatial scale, i.e. much larger than the typical extent of a donor-bound exciton. In short, the mere 

observation of sharp lines does not tell us whether we observe excitons localized due to short-scale 

alloy inhomogeneity or whether we observe donor-bound excitons in locally homogeneous AlGaN 

alloy. In order to distinguish between the two situations, we performed temperature dependent µ-PL 

on single NWs. Typical results are presented in Figure 3.2.4.3 and Figure 3.2.4.4 for single dispersed 

NWs. It can be observed that the line intensity significantly quenches above 50 K, which was expected 

when looking at the quenching of macro-PL spectra given in Subpart 3.2.1 (see Figure 3.2.1.5). 

Furthermore, the line emission energy red-shifts monotonously with increasing temperature over the 

10-120 K range, which is consistent with the redshift of the bandgap usually observed for a free 

exciton in a bulk system (see Subpart 1.2.1.3) or in a quantum structure such as a high-quality QW or 

a QD, as shown in Figure 3.2.4.3 (b) and Figure 3.2.4.4 (b). In the case of a neutral donor-bound 

exciton, we would observe a thermalization towards the free exciton in this temperature range, and 

hence a vanishing of the low temperature line while a new line (free exciton line) would appear at 

higher energy by a few meV. The related binding energy of the exciton bound to neutral shallow donor 

can be reasonably approximated by direct linear interpolation between the values reported for GaN 

and AlN (respectively about 7 meV [134] and about 18 meV [128]), which would for instance yield a 

value of the order of 13.5 meV for Al0.6Ga0.4N. As thermalization towards free exciton was not 

observed in any emission line that we probed, localization centers cannot be donors, confirming the 
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initial assumption made in Subpart 3.2.2 from the spectral line density typically superior or equal to 

residual donor impurity concentrations. 
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Figure 3.2.4.3: (a) 10-120 K range µ-PL spectra for a line emitted by a dispersed Al0.6Ga0.4N NW section (sample 

N2326) grown at 𝑻𝒔𝒖𝒃𝒔 = 750°C (𝒕𝒅𝒆𝒔
𝑮𝒂  = 120 s). (b) Line energy versus sample temperature. A monotonous energy 

decrease of the order of 10 meV over the 10-120 K range can be observed. A fit with Bose-Einstein laws is also 

provided (fitting algorithm did not converge for Varshni): the resulting values of characteristic parameters given in 

the table inset are slightly below the typical ranges of those obtained for AlN and GaN binaries but remain coherent. 
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Figure 3.2.4.4: (a) 10-120 K range µ-PL spectra for a line emitted by a dispersed Al0.6Ga0.4N NW section (sample 

N2330) grown at 𝑻𝒔𝒖𝒃𝒔 = 865°C (𝒕𝒅𝒆𝒔
𝑮𝒂  = 5 s) on a GaN NW base. (b) Line energy versus sample temperature. A 

monotonous energy decrease of the order of 15 meV over the 10-120 K range can be observed. A fit with Bose-

Einstein laws is also provided (fitting algorithm did not converge for Varshni): the resulting values of characteristic 

parameters provided in the table inset are slightly below the typical ranges of those obtained for AlN and GaN 

binaries but remain coherent and comparable to those of Figure 3.2.4.3. 

We can thus safely conclude from these experiments that the main localization mechanism is a QD-

like confinement with the exciton being localized in Ga-richer regions surrounded by Al-richer 

barriers. Such regions were expected to be numerous within the AlGaN NW sections given the alloy 
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inhomogeneity emphasized by high linewidth and Stokes shift values evidenced in Subpart 3.2.1 

thanks to macro-PL characterization.  In view of µ-optical characterization results presented so far, 

these regions are likely to be of very small size, at least in the polar direction, and to present low 

chemical contrast with respect to the barriers. In other words, we are likely dealing with spontaneously 

formed QDs mostly resulting from the mere random compositional fluctuations intrinsic to alloy [172] 

rather than bigger objects such as clusters. Indeed, all the power-dependent experiments did not 

exhibit any clear QCSE usually observed for WZ III-N quantum objects thick enough along the polar 

direction. Moreover, the few evidenced biexciton binding energies were positive, consistent with the 

absence of QCSE, but low, which supports the assumption of weak carrier confinement within QD-

like Ga-richer regions surrounded by barriers barely Al-richer. The chemical contrast between both 

was estimated to be of the order of 5-10% for AlGaN NW sections of similar Al content [325]. Last, 

both temperature-dependent macro- and µ-PL experiments revealed a significant quenching of PL 

intensity, consistent with the weak localization assumption. 

 

3.2.5 Confirmation of the quantum-dot like behavior through power-dependent 

photoluminescence experiments 

 

In order to support observations evidenced in Subparts 3.2.3 and 3.2.4, power-dependent µ-PL 

experiments were performed at low temperature (10 K) on single dispersed AlGaN NWs (excited by 

the same 244 nm CW laser) to probe for biexcitonic features. Depending on the investigated emission 

line, the excitation power was varied between 10-25 µW and 0.2-1 mW. Knowing that the spot area on 

samples was of the order of 1 µm², the corresponding excitation power density range was quite 

significant and comprised between 10
3
 and 10

5
 W.cm

-2
.  

To ease the observation of biexcitonic emission during experiments, we only investigated doublets 

of sharp lines clearly visible on µ-PL spectra at high excitation power, as isolated as possible, and 

distant from 60-70 meV at most, knowing that 52 meV is the largest value ever reported so far for the 

biexciton binding energy in well-defined III-V binary semiconductor QDs [251] (see Subpart 1.2.3.4) 

and that 48-56 meV are the largest values reported for thick AlGaN films (for very Al-rich alloy (𝑥 ≅ 

0.8) grown in heteroepitaxy [428]). The latter value range is surprisingly high, since the biexciton 

binding energy values for GaN and AlN 2D layers are respectively equal to 5.7 meV [252] and 19.3 

meV [429] (22.6 meV when averaging all the reported values [128]). Such improvement with respect 

to values reported for binaries was attributed to the strong localization of biexcitons due to alloy 

disorder. When adding quantum confinement, biexciton binding energies for AlGaN increase even 

more, as reported for Al-rich AlGaN-based quantum wells (Al0.6Ga0.4N/Al0.7Ga0.3N) exhibiting a 

record value of 136 meV [430]. An enhancement with respect to the estimated biexciton binding 
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energy value from linear interpolation between values for GaN and AlN was also noted for very Ga-

rich AlGaN 2D epitaxial layers [431, 432].  

Globally, it turned out that the spectral density of sharp lines was too large for our experiments: for 

many tries, when increasing the excitation power, we could observe new emission lines which 

appeared with superlinear power dependences and which could not be clearly correlated with those 

observed at lower excitation power. Consequently, in the latter cases, we could not clearly assign these 

extra lines to biexcitonic emission and extract the biexciton binding energy. Yet, several samples with 

shorter AlGaN sections (AlN molar fraction between 0.4 and 0.6) grown at high substrate 

temperatures (𝑇𝑠𝑢𝑏𝑠 > 830°C, 𝑡𝑑𝑒𝑠
𝐺𝑎  < 10 s) had been specifically grown for these experiments in order 

to reduce the number of lines in µ-PL spectra. Eventually, we managed to get a few well-isolated 

doublets, exhibiting for some of them superlinear dependence of PL intensity on power. In the 

following, we will detail typical results, obtained for two doublets among the most isolated ones that 

we probed. The related doublet gaps were mostly comprised over a 5-20 meV range which roughly 

corresponds to the range delimited by the biexciton binding energy values reported for GaN and AlN.  

For some investigated doublets such as the one displayed in Figure 3.2.5.1 (a) and separated by 8 

meV whatever the excitation power according to Figure 3.2.5.1 (b), it was clear that the µ-PL intensity 

of the extra line possibly associated with a biexciton did not exhibit a quadratic dependence but more a 

linear one over the excitation power range, as shown in Figure 3.2.5.2. In other words, it was not 

possible to extract any biexciton binding energy in these cases. Indeed, linear fits on logarithmic scale 

performed on the evolution with power of the µ-PL line maximum intensity, read directly without 

fitting the lines in view of the low background and clear line separation, led to slopes of the order of 1, 

i.e. comprised over the 0.8-1.2 range, as exhibited in Figure 3.2.5.2 (a). The evolution of integrated 

intensity, in other words the surface below the line, was also checked and is provided in Figure 3.2.5.2 

(b) in order to take into account the possible linewidth evolution with power. To derive the integrated 

intensity of each line, the latter were fitted at each excitation power with Gaussian function for 

practicality, rather than Lorentzian or Pseudo-Voigt functions which better match physical reality: the 

fitting algorithm convergence was reached more easily with Gaussian while fitting very well the data, 

as shown in Figure 3.2.5.3, which resulted in accurate integrated intensity values highlighting the same 

trend as in Figure 3.2.5.2 (a). Indeed, slopes of 0.81 and 0.80 were obtained from linear fits on 

logarithm scale performed on the evolution of integrated intensity, respectively for line 1 and line 2.  
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Figure 3.2.5.1: (a) Evolution with excitation power (values in legend) of a µ-PL line doublet emitted by Al0.5Ga0.5N NW 

section (sample N2136), grown at high temperatures (𝑻𝒔𝒖𝒃𝒔 > 830°C, 𝒕𝒅𝒆𝒔
𝑮𝒂  < 10 s). (b) The dependence of doublet 

intensities on excitation power remains linear here. 
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Figure 3.2.5.2: (a) µ-PL line maximum intensity of the two lines of Figure 3.2.5.1 versus excitation power, both on 

logarithmic scale. The dependence of line 1 and line 2 on power is linear. Indeed, linear fits on logarithm scale (solid 

lines displayed on graph) lead to slopes of 0.91 and 1.15. (b) Fitting line integrated intensity as a function of excitation 

power, leading to the same trend: similar slopes of 0.81 and 0.80, respectively for line 1 and line 2. 
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Figure 3.2.5.3: Fit performed with 2 Gaussian (solid line) and 2 Lorentzian (dashed) functions for the spectrum 

recorded at 10K, 100 µW. Gaussian fits better here than Lorentzian, giving more accurate results for line integrated 

intensities. Pseudo-Voigt could be used to better match physical reality but the fitting algorithm converges less easily 

in that case. 

 

However, for a few isolated doublets such as the one displayed in Figure 3.2.5.4 (a), the dependence of 

line intensity on power was much more quadratic than linear for one of the two lines, as shown in 

Figure 3.2.5.5, but the doublet energy gaps seemed low for an exciton/biexciton couple in a rather Al-

rich AlGaN alloy, mainly remaining over a 5-15 meV range for the probed doublets. In our example of 

Figure 3.2.5.4 (a), the related biexciton binding energy would be +5 meV whatever the investigated 

excitation power in view of Figure 3.2.5.4 (b). Figure 3.2.5.5 (a) provides, for both lines, the evolution 

of the maximum intensity with power on logarithm scale, read directly without fitting in view of the 

very low background and clear line separation. Linear fits performed on logarithmic scale in Figure 

3.2.5.5 (a) result in slopes of 0.81 and 1.51 respectively for line 1 and line 2, that is to say a factor of 

the order of 2 in both cases highlighting a quadratic-like dependence attributed to biexcitonic 

emission. However, the discrepancy on both slope values is not negligible with respect to the expected 

values of 1 and 2. To support our claim, the evolution with power of the line integrated intensity was 

then investigated, as displayed in Figure 3.2.5.5 (b). To do so, the lines were also fitted for each power 

with Gaussian function for practicality, as illustrated in Figure 3.2.5.6 and similarly to Figure 3.2.5.3. 

Slopes of 0.83 and 1.52 were then derived from linear fits on logarithm scale performed on the 

evolution of integrated intensity, respectively for line 1 and line 2, evidencing the same trend as in 

Figure 3.2.5.5 (a).  
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Figure 3.2.5.4: (a) Evolution with excitation power (values in legend) of a µ-PL line doublet emitted by Al0.5Ga0.5N NW 

section (sample N2136) grown at high temperature (𝑻𝒔𝒖𝒃𝒔 > 830°C, 𝒕𝒅𝒆𝒔
𝑮𝒂  < 10 s). (b) Evolution of the energy of the two 

lines with power. The gap between them is around 5 meV. 
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Figure 3.2.5.5: (a) µ-PL line maximum intensity of the two lines of Figure 3.2.5.4 versus excitation power, both on 

logarithmic scale. The dependence of line 1 and line 2 on power is quasi-linear and quasi-quadratic, respectively. 

Indeed, linear fits on logarithmic scale (solid lines displayed on graph) lead to slopes of 0.81 and 1.51, i.e. a factor of 

the order of 2 between both lines. The dashed blue line is parallel to the solid blue line. (b) Line integrated intensity as 

a function of excitation power, leading to the same trend: slopes of 0.83 and 1.52, respectively for line 1 and line 2. 
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Figure 3.2.5.6: Fit performed with 2 Gaussian (solid line) and 2 Lorentzian (dashed) functions for the spectrum 

recorded at 10 K, 400 µW. Gaussian fits better here than Lorentzian, giving more accurate results for line integrated 

intensities. Pseudo-Voigt could be used to better match physical reality but the fitting algorithm converges less easily 

in that case. 

 

3.2.6 Micro-photoluminescence dynamics of AlGaN nanowires 

 

After having identified the QD-like centers as compositional fluctuations in AlGaN NWs, we 

investigated their homogeneity in size within such NWs grown in various conditions. One way to 

proceed is to probe by µ-TRPL many individual µ-PL lines emitted by dispersed AlGaN NW sections 

from several samples grown at various growth temperatures and AlN molar fraction (in N-rich 

conditions). The samples were excited at low temperature (10 K) and low excitation power (≈ 1 µW) 

by a tripled Ti-sapphire pulsed laser emitting around 244 nm and with a repetition rate of 76 MHz. 

The beam spot size was similar to the one for CW µ-PL setup (same microscope objective). More 

details about the TRPL setup are given in 2.3.1.3.  

Figure 3.2.6.1 sums up the results for a series of Al0.6Ga0.4N NW samples, for which short decay 

times versus wavelengths of µ-PL sharp emission lines are plotted. The top right corner inset gives an 

example of decay for an emission line from an Al0.6Ga0.4N NW and illustrates how lifetimes were 

extracted: all experimental decays were fitted with a monoexponential decay function:  

  

𝑦𝑚𝑜𝑛𝑜𝑒𝑥𝑝.(𝑡) = 𝑦0 + 𝐴1𝑒
−(𝑡−𝑡0)/𝑡1 

 

(3.2.6.1) 
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where y0, t0 , A1 and t1 are the TRPL intensity offset, the time offset, the TRPL intensity maximum and 

the short decay time, respectively. A biexponential function could have been used in order to better fit 

the decay tail and obtain a rough estimation of long decay time but in view of the fast drop in TRPL 

intensity at short times (by about two orders of magnitude as visible in Figure 3.2.6.1 (b)) and the low 

dynamics at the decay tail, it was chosen to focus only on the first part of decays.  
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Figure 3.2.6.1: (a) Low temperature (10 K) µ-TRPL short component of decay time versus sharp line 

wavelength/emission energy, for several dispersed Al0.6Ga0.4N NWs from samples grown at various thermocouple 

temperatures indicated in legend. (b) Decay example for a µ-PL emission line at 306 nm from a NW (sample N2326) 

grown at 𝑻𝒔𝒖𝒃𝒔 = 750°C (𝒕𝒅𝒆𝒔
𝑮𝒂  = 120 s), and fitted with monoexponential decay. The fit parameter values are labeled in 

orange. 

On the one hand, taking into account all investigated samples, performed statistics revealed that short 

decay times at 10 K are mostly distributed over the 200-400 ps range, around an estimated mean decay 

time of 320 ps, as shown in Figure 3.2.6.2. Data displayed in this Figure 3.2.6.2 gathers about 60 

values of short decay times measured by µ-TRPL at 10 K and related to lines emitted by dispersed 

Al0.3Ga0.7N, Al0.5Ga0.5N and Al0.6Ga0.4N NW sections over a 280-340 nm range. The values of 

characteristic τ0 times at low excitation power obtained by fitting antibunching curves (see Subpart 

3.2.3) are consistent with such a range.  
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Figure 3.2.6.2: Distribution of short decay time values (whatever the related line emission energy) with respect to the 

estimated mean value (317 ps). The decay times are related to µ-PL lines emitted by Al0.3Ga0.7N, Al0.5Ga0.5N and 

Al0.6Ga0.4N NW sections. The abscissa is centered on the estimated mean and normalized with respect to the estimated 

standard deviation (97 ps). 

Second, statistics underscored a slight increase in the decay time when decreasing the emission energy 

/ increasing the wavelength over the investigated range at 10 K, as shown in Figure 3.2.6.3. Figure 

3.2.6.3 (b) shows the evolution of estimated decay time means respectively for every 15 nm range 

over the whole 280-340 nm range. We can note that the slight increase in short decay times when 

decreasing the emission energy / increasing the wavelength is consistent with a 𝜆² dependence which 

will be discussed further in this section. The decay time data used for performing statistics is shown in 

Figure 3.2.6.3 (a), on which 𝜆² and 𝜆 laws are sketched as a guideline.  
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Figure 3.2.6.3: (a) Short decay time versus emission energy/wavelength, related to data exhibited in Figure 3.2.6.2.  𝝀² 

and 𝝀 guidelines are sketched (respectively solid blue line and green line). (b) Evolution of the short decay time mean 

with emission wavelength/energy (for each 15 nm range), from data displayed in (a).  

On the other hand, when comparing samples within the Al0.6Ga0.4N series, no clear change correlated 

to AlGaN growth temperature was observed, meaning that the decay times related to µ-PL sharp lines 

associated with alloy fluctuations are independent of growth temperature, over the investigated ranges. 

The average AlN molar fraction in the section has no clear influence as well, given that the same 

experiments done on NWs from Al0.3Ga0.7N and Al0.5Ga0.5N series led to similar results, when 

comparing decay times linked to sharp lines emitted within similar wavelength ranges.  

We then checked that the measured decay times were mainly radiative at low temperature. At 10 

K, non-radiative surface recombinations are unlikely to occur in AlGaN NW sections, as the latter are 

surrounded by a thin Al-rich shell (see Subpart 3.1). As for recombination at point defects, this 

possibility has been already discussed in Subpart 3.2.4 and is unlikely as well. To give a 

demonstration of purely radiative recombination is a quite challenging task, as highlighted for instance 

by the abundant literature and debates on the IQE of InGaN/GaN QWs [433-436]. One reasonable way 

of probing non-radiative recombinations is to assume that they are thermally activated so that 

temperature-dependent PL and time-resolved PL can give a fair estimate of the importance of the 

radiative to non-radiative recombinations ratio [437]. We thus carried out temperature-dependent µ-

TRPL experiments on dispersed AlGaN NW sections. Three datasets are exhibited in Figure 3.2.6.4, 

Figure 3.2.6.5 and Figure 3.2.6.6 over a 10-120 K range for three different lines, emitted at 320, 301 

and 317 nm by Al0.6Ga0.4N NW sections grown at 𝑇𝑠𝑢𝑏𝑠 = 700°C, 865°C and 750°C (corresponding to 

𝑡𝑑𝑒𝑠
𝐺𝑎  = 5 s and 120 s for the two latter temperatures), respectively. In good agreement with 

temperature-dependent µ-PL data shown in Subpart 3.2.4, the line intensity as well as the decay time 

was fairly constant in the 10-60 K range, so that we estimated that non-radiative recombinations (or at 

least thermally activated non-radiative recombinations) could be neglected in this temperature range. 

Provided several assumptions detailed in Subpart 2.3.1.3, we could extract the radiative and non-
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radiative decay times from the µ-TRPL data (intensity and short decay times). Such times are also 

provided in the examples of Figure 3.2.6.4, Figure 3.2.6.5 and Figure 3.2.6.6 below. The crossing of 

radiative and non-radiative decay times was typically observed between 100 and 120 K. To compare, 

such value is inferior, as expected, to the crossing reported for well-defined GaN QDs surrounded by 

AlN barriers [190] (around 160 K derived for m-plane QDs [438] from the same model) but superior 

to the one observed for well-defined GaN QWires [190] (below 100 K for such wires grown in m-

plane as well [438]).   
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Figure 3.2.6.4: Temperature-dependent µ-TRPL data (decay times and µ-PL intensity) for a line emitted at 320 nm by 

an Al0.6Ga0.4N NW grown at 𝑻𝒔𝒖𝒃𝒔 = 700°C (sample N2352). The decay times labeled with red round symbols 

correspond to the short component of experimental decays extracted from monoexponential fits. The radiative and 

non-radiative decay times are inferred from the model described in Subpart 2.3.1.3. 
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Figure 3.2.6.5: Temperature-dependent µ-TRPL data (decay times and µ-PL intensity) for a line emitted at 301 nm by 

an Al0.6Ga0.4N NW (sample N2330) grown at 𝑻𝒔𝒖𝒃𝒔 = 865°C (corresponding to 𝒕𝒅𝒆𝒔
𝑮𝒂  = 5 s). The decay times labeled with 

red round symbols correspond to the short component of experimental decays extracted from monoexponential fits. 

The radiative and non-radiative times are deduced from the model described in Subpart 2.3.1.3. 
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Figure 3.2.6.6: Temperature-dependent µ-TRPL data (decay times and µ-PL intensity) for a line emitted at 317 nm by 

an Al0.6Ga0.4N NW (sample N2326) grown at 𝑻𝒔𝒖𝒃𝒔 = 750°C (corresponding to 𝒕𝒅𝒆𝒔
𝑮𝒂  = 120 s). The decay times labeled 

with red round symbols correspond to the short component of experimental decays extracted from monoexponential 

fits. The radiative and non-radiative times are inferred from the model described in Subpart 2.3.1.3. 

 

As already mentioned in Subpart 1.2.3.1, it was theoretically and experimentally demonstrated 

that the radiative lifetime in a QD is inversely proportional to the oscillator strength [196, 202, 203], 

which depends on the spatial coherent extension of the exciton (leading to giant oscillator strength in 



3. Investigation of carrier localization in AlGaN nanowires 

149 

 

the case of large spatial extension [439-441]). This lifetime also depends on the emission energy / 

emission wavelength (dependence of the lifetime as 𝜆²) [442], as follows [416, 443, 444]: 

  

𝜏𝑟𝑎𝑑 =
3𝑐3𝜀0𝑚𝑒ℎ

2

2𝜋𝑒2
1

𝑛𝐸2𝑓
  

 

(3.2.6.2) 

where 𝑐 is the speed of light, 𝜀0 is the vacuum permittivity, ℎ the Planck constant, 𝑒 the electron 

charge, 𝑚𝑒 the electron mass, 𝑛 the refractive index of the medium, 𝐸 the exciton emission energy and  

𝑓 the oscillator strength. In the case of the giant oscillator strength effect mentioned above, 𝑓 mostly 

depends on the large exciton spatial extension and gets proportional to the average coherence volume 

probed by excitons: 

  

𝑓 ∝  𝑉𝑒𝑥𝑐  ∝ (𝑎𝐵
𝑋)3  

 

(3.2.6.3) 

where 𝑉𝑒𝑥𝑐 is the coherence volume of the confined exciton and 𝑎𝐵
𝑋 is the exciton Bohr radius. In 

contrast, in the strong confinement regime, 𝑓 no longer depends on the latter volume in view of the 

perfect electron-hole overlap and gets inversely proportional to the emission energy, such as: 

  

𝑓 ∝
𝐸𝑃
𝐸
  

 

(3.2.6.4) 

with 𝐸𝑃 the Kane energy, namely the interband matrix element [445]. It must be noted that, even for 

GaN, the value of the Kane energy is not well known and varies from 15.7 eV [446] to 7.7 eV [447]. 

Also, from Equation (3.2.6.2), we see that to evaluate the radiative lifetime, we also need the refractive 

index as an input, which for subwavelength structures like NWs is expected to be anisotropic and 

smaller than the AlGaN refractive index [448]. For 𝐸𝑃= 15.7 eV and a refractive index of 2.3 (i.e. bulk 

AlGaN), Equation (3.2.6.2) yields a lifetime of 500 ps. For 𝐸𝑃=7.7 eV and 𝑛=1.5 (effective refractive 

index of the NW in vacuum), we find a radiative lifetime of 1.5 ns. This seems a bit high and the latter 

𝐸𝑃 value should be taken cautiously as most references rather yield an 𝐸𝑃 of around 15 eV (which we 

assume to be similar in AlGaN). What can be said at any rate is that we expect a radiative lifetime for 

strongly confined electron-hole pairs in such NWs to be in the 600-700 ps range. The fact that we see 

large enough variations of measured lifetimes for various localization centers, and with most measured 

lifetimes in the 200-400 ps range is a good indication that we are not strictly in the strongly confined 

regime.  

Overall, using Equations (3.2.6.2) to (3.2.6.4), 𝜏𝑟𝑎𝑑 is inversely proportional to 𝑉𝑒𝑥𝑐 and proportional 

to 𝜆, respectively for giant oscillator strength and strong confinement regimes. 

In our experiments, we did not measure strong variations of PL decay times corresponding to the 

radiative decay time at low temperature. Indeed, the radiative lifetime dependence on emission energy 
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is only consistent with a 𝜆² trend over the investigated energy range, showing that the spatial extension 

of the confined excitons was about the same for all emission energies. The confinement scheme was 

thus quite homogeneous for our localization centers, the deviation from homogeneity being given by 

the standard deviation estimated in the statistics we made over several lines and displayed in Figure 

3.2.6.2 and Figure 3.2.6.3. 

Figure 3.2.6.7 illustrates with reasonable values (600 ps for the radiative lifetime of strongly confined 

excitons) the expected evolution of radiative lifetime as a function of exciton wavefunction extension, 

with a light-matter coupling situation at the onset of giant oscillator strength. Indeed, when comparing 

theoretical lifetime values with the experimental ones in the 200-400 ps range, we can derive a 

wavefunction radius over a 3-4 nm value range, which belongs to an intermediate regime between 

strong confinement and giant oscillator strength consistent with the rather weak carrier localization 

evidenced in previous subparts. Note that at this stage, we have inferred a rather isotropic confinement 

and wavefunction extension, which might not be the case depending on possible anisotropies of local 

ordering. 

 

Figure 3.2.6.7: (a) Illustration of the exciton Bohr radius and the oscillator strength approximation in the strong 

confinement and giant oscillator strength regimes. (b) Sketch of the radiative lifetime, using Equation (3.2.6.2). The 

green and red dashed lines correspond respectively to the strong confinement and giant oscillator strength limits.  
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3.2.7 Localization attributed to compositional fluctuations at very short scale. 

 

In a next stage, we wondered about carrier localization in even smaller quantity of AlGaN material 

and under additional quantum confinement. For our studies, thin AlGaN QDisks were grown between 

AlN NW barriers in slightly N-rich conditions on top of GaN NW bases, following the same protocol 

as for longer NW sections regarding the calibrations of metallic fluxes, the growth temperature 

determination and the NW density control. The QDisk thickness was varied over the 2-10 nm range 

and the nominal AlN molar fraction over the 0.3-0.5 range. Figure 3.2.7.1 provides typical SEM and 

STEM images for some of the grown samples. Figure 3.2.7.2 (a) shows µ-PL spectra recorded for 

single dispersed NWs presenting the thinnest AlGaN QDisks (thickness mostly varying over the 2-2.5 

nm range) of the sample series and excited with the 244 nm CW laser on the µ-PL setup detailed in 

Subpart 2.3.1.1, whereas Figure 3.2.7.2 (b) displays typical STEM images zoomed on the top of NWs 

from the same sample. The related µ-PL experiments were carried out at low temperature (10 K) on 

single NWs located on Si substrates beforehand by SEM and revealed sharp lines presenting µ-optical 

properties (linewidths, associated short decay times over shared emission range) similar to those 

exhibited for longer AlGaN sections. This is in strong contrast with what was observed for similar 

quantum disks made of GaN for which there was a single emitted line at low temperature [254]. 

Despite the fact that a single “structural” AlGaN QDisk is defined in each NW, several emission lines 

corresponding to several localization centers within the AlGaN disk were observed. Our experiment 

demonstrates that for AlGaN quantum structures in NWs, the emission properties are not solely 

imposed by the geometric confinement, but also by localization at shorter spatial scales due to the 

compositional fluctuations inherent to a ternary alloy and caused by the random distribution of Al and 

Ga on the cation sites of the crystal [172].  
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Figure 3.2.7.1: Typical side-view (a) and top-view (b) SEM images of as-grown samples consisting in AlGaN QDisks 

inserted in AlN barriers grown on GaN NW bases (sample N2254).  More or less zoomed STEM-ADF or STEM-BF 

images of single dispersed AlGaN QDisks: their thickness was estimated at 9, 2 and 6 nm respectively for (c) & (d), (e) 

& (f), and (g) & (h) (respectively for samples N2254, N2270, and N2253). The nominal AlN molar fraction in the 

AlGaN disk is x = 0.4 for N2270 and x = 0.3 for the other two samples. 

 

Figure 3.2.7.2: (a) Low temperature (10 K) µ-PL spectra for two single dispersed NWs with AlGaN QDisks inserted in 

AlN grown on a GaN NW base (sample N2270). (b) Typical STEM-BF (top) and STEM-HAADF (bottom) images 

zoomed on the QDisk. The nominal AlN molar fraction in the disk is x = 0.4 and the average disk thickness for the 

sample was estimated at 2 nm. 
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More details about the QDisk emission properties are given in the following. Figure 3.2.7.3 

shows macro-PL spectra recorded at 10 and 300 K for a few samples excited with the 244 nm CW 

laser on the macro-PL setup described in Subpart 2.3.1.1: two QDisk samples (of two different 

thicknesses) and two reference samples (one with an AlGaN NW short section without AlN capping 

and the other one with a pure AlN NW section). The spectrum for the AlN reference exhibits a band 

around 4.6 eV attributed to deeper defects in AlN [128] and present in most spectra. A lower PL 

quenching with temperature was observed for PL emission peaks around 4.2 eV (respectively 3.8 eV) 

for the 2 nm QDisk sample (respectively the thicker one), when comparing with the AlGaN NW 

reference sample. Such an observation is consistent with stronger carrier localization attributed to 

extra quantum confinement in QDisks. The broad emission for the latter peaks is assigned to 

compositional fluctuations inherent to the alloy within QDisks and disparity from QDisk to QDisk on 

both their thickness and Al composition. When comparing emission from the AlGaN NW section 

reference and the one from 4 nm thick AlGaN QDisks grown with the same metallic fluxes (same 

nominal AlN molar fraction, xAl = 0.3), the latter is slightly red-shifted (emission around 3.75 eV 

when fitting spectrum (not shown here) versus 3.93 eV for the section reference sample N2257), 

which is very likely due to non-negligible QCSE effect for such thickness. In the more extreme case of 

GaN/AlN QDisk system, such QCSE starts being non negligible for disk thickness of the order of 2 

nm, the latter value depending also on the barrier dimensions [115, 116]. However, it was not possible 

to accurately determine the AlN molar fraction in AlGaN QDisks by EDX, as parts of AlN barriers 

were integrated as well during the experiments, especially for the thinnest disks, and to compare it 

with the one obtained for longer AlGaN NW section. Consequently, decorrelating the different 

contributions to the emission energy (“intrinsic” AlGaN luminescence, quantum confinement, QCSE) 

is far from being trivial. Some EDX data, much more qualitative than quantitative, is provided in 

Figure 3.2.7.4 for a sample presenting disks thicker than those investigated in Figure 3.2.7.3 and for 

which less AlN from barriers is integrated. 
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Figure 3.2.7.3: Macro-PL spectra recorded at low (10 K, solid line) and room-temperature (300 K, dashed line) for 

four samples: two different AlGaN QDisk samples labeled in red and blue (respectively samples N2270 and N2260, the 

estimated thickness and nominal AlN molar fraction are given for each) and two references labeled in purple and 

green (respectively sample N2257, presenting AlGaN NW sections without AlN top barriers/cappings, and sample 

N2265, consisting in pure AlN NW sections grown on top of GaN NW templates).  
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Figure 3.2.7.4: (a) STEM image of investigated QDisk (sample N2253, nominal AlN molar fraction x = 0.3). (b) EDX 

map with Ga-K and Al-K contribution superimposed. (c) EDX map of Ga-K contribution. (d) EDX map of Al-K 

contribution. (e) Line profile for Ga-K and Al-K taken along the NW c-axis and including the QDisk.  (f) EDX 

spectrum recorded within QDisk. In view of the high Al atomic percentage in comparison with nominal xAl = 0.3, non-

negligible amount of AlN from the barriers is integrated, since the mere contribution of the shell cannot explain the 

discrepancy in view of its rather low thickness. 

 

Low-resolution CL experiments (in the SEM setup, see Subpart 2.3.2.1) were performed as well on 

single QDisks. Typical results are given for two NWs from the 2 nm thick QDisk sample in Figure 

3.2.7.5. Luminescence between 3.5 eV (GaN NBE) and 4.6 eV (AlN deep defect) seems to originate 

from areas corresponding to QDisks, which is consistent with observations made in temperature-

dependent macro-PL. Similarly to the case of macro-PL broad emission, the difference of emission 

energy range between the two NWs is assigned to disparity on both disk thickness and AlN molar 

fraction from one NW to another one. It must be noted that CL spectra exhibit several lines much 

broader than those obtained in µ-PL, which is attributed to the different excitation nature and the lower 

CL setup resolution.  
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Figure 3.2.7.5: (a) CL spectra recorded at 10 K for two single NWs with an AlGaN/AlN QDisk (sample N2270). (b) 

SEM image on left and corresponding PMT image on right, for each rectangular frame in Figure (a). The 

oval/circular frames surround the luminescence visible on the PMT image and correspond to the rectangular frames 

of the same color in spectra of Figure (a), whereas the dashed black lines underline the separation between the GaN 

NW base and the AlGaN/AlN QDisk on both SEM and PMT images.   

The red and blue frames are respectively related to emission close to the GaN bandgap (corresponding to the GaN 

NW base) and above the bandgap (around 3.9 eV and corresponding to the AlGaN QDisk area), for NW 1. Regarding 

NW 2, the green frame is related to emission above the bandgap (around 4.3 eV and corresponding to the AlGaN 

QDisk area). 

 

Similarly to the case of longer AlGaN NW sections investigated in Subpart 3.2.5, power-dependent µ-

PL measurements were also carried out on QDisk samples excited with the 244 nm CW laser, in order 

to probe biexciton emission more easily. Given that the number of µ-PL lines is proportional to the 

AlGaN volume, as explained in Subpart 3.2.2, we mainly investigated the 2 nm thick QDisk sample 

(xAl = 0.4). Typical power-dependent µ-PL spectra presenting three main peaks are shown in Figure 

3.2.7.6 (a). The latter spectra are fitted with four Lorentzian functions for practicality, rather than 

Pseudo-Voigt ones converging less easily: three for the main lines and a wider fourth one for the 

shouldering present at lower energies, as shown in Figure 3.2.7.6 (b). These four lines fit very well the 

spectra on the whole, except a slight shouldering appearing on the spectrum recorded at the highest 

excitation power (1 mW). When considering the maximum intensity of fitting lines, a superlinear 

dependence on the excitation power for line 2 (emission around 4.255 eV) and a linear trend for the 

three neighboring lines (line 1 emitted at 4.266 eV, line 3 at 4.242 eV and line 4 at 4.233) can be 

observed in Figure 3.2.7.7 (a). Indeed, linear fits carried out on log scale curves give slopes of 1.12, 

1.57, 0.93 and 0.95 respectively for line 1, line 2, line 3 and the line 4. The trend is even clearer when 

considering the integrated line intensity, as shown in Figure 3.2.7.7 (b): the slopes resulting from 

linear fits give slope of 0.89, 1.79, 1.08 and 1.08, respectively from line 1 to line 4. As exhibited in 

Figure 3.2.7.8, no emission blue-shift is evidenced for all the lines when increasing excitation power. 
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Indeed, the energy gap between line 1 and line 2 remains equal to about +11 meV, whereas the other 

energy differences are negative and remain of the order of -13 meV and -22 meV respectively for line 

3/line 2 and line 4/line 2 couples, whatever the excitation power in Figure 3.2.7.8. Consequently, the 

line 1/line 2 couple corresponds to the exciton/biexciton emission more likely than the other ones, 

since the related biexciton binding energy is expected to be positive. Indeed, the QCSE is negligible in 

view of power-dependent µ-PL experiments, as expected in our thin QDisks, while positive biexciton 

binding energies for QD-like centers in longer NW sections without extra quantum confinement were 

observed in Subpart 3.2.5. Two main points are subjects to debate: first, this value of +11 meV seems 

rather low in view of the additional quantum confinement, but not inconsistent since the latter is likely 

not to be very strong for a 2-2.5 nm thick disk and linear interpolation between the biexciton binding 

energy values for bulk binaries leads to +12 meV for bulk Al0.4Ga0.6N. Second, the maximum intensity 

of the biexciton line is already superior to the one of the exciton line at the lowest investigated 

excitation power (30 µW), which may seem strange. However, it must not be forgotten that such 

power already corresponds to significant power density in view of the spot size. In addition, when 

considering the evolution of integrated intensity, the latter is first higher for the exciton line, before 

observing a crossing around 60 µW. 
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Figure 3.2.7.6: (a) Power-dependent (power given in legend) µ-PL spectra recorded at 10 K for lines emitted by a thin 

(2 nm thick) AlGaN disk in AlN (sample N2270). (b) Fit performed with 4 Lorentzian for the spectrum recorded at 

10K, 250 µW. 
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Figure 3.2.7.7: (a) Maximum intensity versus excitation power, both on logarithmic scale, for the four fitting lines of 

Figure 3.2.7.6. Linear fits (dashed lines) on logarithmic scale give slopes of 1.12, 1.57, 0.93 and 0.95, respectively from 

line 1 to line 4. (b) Integrated intensity versus excitation power for the four fitting lines of Figure 3.2.7.6. Linear fits on 

logarithmic scale give slopes of 0.89, 1.79, 1.08 and 1.08, respectively from line 1 to line 4, confirming the trend 

exhibited in (a). The evolution of line 2 (green) with power is much more quadratic than linear and thus consistent 

with biexcitonic emission. Both line 1 (blue) and line 3 (magenta) could correspond to the related excitonic emission, in 

view of slope values. 
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Figure 3.2.7.8: Line emission energy versus excitation power, for the four fitting lines. No significant shift, especially 

towards blue, is observed. 
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3.3 Additional discussion, conclusion and prospects of the chapter 

 

3.3.1 Macro-structural properties of AlGaN nanowire sections. 

 

In summary, the experimental data reported in Subpart 3.1 established that a compromise must be 

found on growth temperature for AlGaN NW sections grown in N-rich conditions, with the view of 

making emitting devices based on them. Indeed, decreasing temperature allows us to reduce the length 

of the unwanted Al-richer section, which preferentially nucleates on top of the GaN template and 

would act as detrimental carrier blocking layer in a LED, but may degrade the macro- structural and 

optical properties of the AlGaN NW section. In view of the unfavorable GaN/AlN lattice mismatch, 

these sections are unlikely the result of elastic energy minimization. The significant decrease in the 

length of the latter, when lowering its growth temperature, rather supports the model previously 

reported suggesting a growth mechanism driven by kinetic parameters [139, 321, 322].  

In addition to the decrease in substrate temperature, it must be stressed that various tries were 

unsuccessfully performed to completely remove this parasitic Al-richer section. Ga adatoms were 

notably accumulated at the end of the GaN NW template growth before opening the Al and N cell 

shutters to grow AlGaN, in order to create a significant Ga reservoir on NW tops and favor their direct 

incorporation. We also widened the GaN NW base tops, by lowering the substrate temperature and 

increasing the Ga flux to promote radial growth as described in Subpart 2.1.3.1, before starting to 

grow AlGaN, in order to alter strain relaxation mechanism in NWs and probe for possible dependence 

of Al-richer section nucleation on such mechanism. In the case of NW broadening small enough to 

avoid substantial NW coalescence, no noticeable difference on the Al-richer section length with 

respect to the one for non-widened NWs has been observed on dispersed NWs in STEM so far. In the 

perspective of elaborating Al-rich AlGaN UV-LEDs, it would be interesting to attempt to grow 

AlGaN sections on even wider GaN templates, in spite of more significant coalescence, in order to get 

closer to the 2D case for which this Al-richer section has never been reported. 

Interestingly, the scarce literature in the field also reports cases of AlGaN NWs grown in conditions 

very similar to ours and for which the Al-richer section is missing, making a full understanding of its 

formation still obscure at this stage [175, 325].  In order to make it clearer, atomistic simulations 

considering an AlGaN/GaN NW heterostructure and taking the system geometry, chemical 

considerations and strain relaxation mechanism into account are planned in a near future, as part of 

one of the next team projects.   
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3.3.2 Micro-optical properties of AlGaN nanowire sections. 

 

To sum up, a significant spectral density of sharp emission lines was first evidenced through 

optical characterization of single dispersed AlGaN NW sections grown by MBE and further attributed 

to compositional inhomogeneities at small scale in such sections. Antibunching was observed at low 

excitation powers for these lines, showing that the AlGaN alloy in NWs behaves as a collection of Ga-

rich localization centers acting as QDs [417], in absence of the well-known compositional fluctuations 

associated with extended defects in 2D AlGaN layers [449, 450]. Such behavior is supported by a few 

power-dependent µ-PL results consistent with biexcitonic emission. More statistics on related 

biexciton binding energy, measured over wider emission energy range, would be needed to go even 

further. 

We note that in a simple PL experiment we can easily probe a single NW with a very low volume 

(typically 10
-3

 µm
3
 or less) of high quality AlGaN alloy, while probing such a low volume in a thin 

film would require the use of either near-field optical spectroscopy or highly complex patterning 

techniques to isolate a film volume close to those of NWs. Then our result provides a clue that 

localization centers in AlGaN are of intrinsic origin, different for instance of those associated with Ga 

segregation in grain boundaries as observed in 2D layers [451, 452]. By probing many individual lines 

in µ-TRPL, we have then shown that the various localization centers in AlGaN NW sections are quite 

homogeneous in size. 

 As reported in several works [139, 175, 321, 322, 324, 327] through macro-PL experiments, tuning 

the growth kinetic parameters fixing the average Al composition within the alloy, namely metallic 

fluxes and growth temperature, of AlGaN NWs shifts their emission energy and impacts their 

linewidth. However, over shared emission wavelength range, the µ-optical properties of alloy 

fluctuations are similar, whatever the growth conditions explored in this study. Indeed, around a given 

emission wavelength, the lifetimes and linewidths related to probed µ-PL sharp lines were observed 

not to vary much, just as the evolution of these lines with sample temperature. Consequently, it can be 

inferred that Ga-richer regions emitting at a certain wavelength and exhibiting similar µ-optical 

properties can be obtained over a wide range of growth kinetic parameter values, opening the way to 

carrier localization engineering. The latter would require atomistic simulations to derive the electronic 

structure obtained for various atomic configurations within the AlGaN alloy inducing the sharp lines 

observed in µ-PL spectra. Such simulations are considered as well, as part of one of the next team 

projects. In addition, it would be interesting to explore even broader value ranges for AlGaN growth 

kinetic parameters, especially metallic fluxes. In the present work, we mostly used effective III/N flux 

ratios over the 1/2-1 range for the alloy in order to ensure fast enough growth of well-separated NWs, 

whatever the growth temperature. Increasing (respectively decreasing) the latter ratio above 
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(respectively below) the latter range, for a fixed growth temperature, should favor the growth of more 

homogeneous (respectively inhomogeneous) alloy, as reported recently [175]. 

Even in very small quantity of AlGaN material such as AlGaN/AlN QDisks as thin as 2 nm, 

compositional fluctuations associated with carrier localization were evidenced, similar to those 

highlighted in longer AlGaN NW sections: comparable sharp lines, signs of biexcitonic emission, etc. 

More statistics on related biexciton binding energy, measured over wider emission energy range, 

would be required to go even further, as already mentioned for long AlGaN sections. In the case of 

QDisks, the issue is even more complex since two “scales” of confinement are entangled: a weaker 

one related to Ga-richer regions and another one intrinsic to the disk/barrier quantum structure. 

Decorrelating both contributions is not trivial, since the Al composition profile must be accurately 

known within the QDisk region in order to quantify the quantum confinement, as well as possible 

QCSE, induced by the QDisk properly and separately from smaller potential fluctuations induced by 

compositional inhomogeneities. Additional experiments, especially higher resolution electron 

microscopy techniques (HR(S)TEM combined with EDX), are needed to go further. 

At this stage, we may question the origin of the small-scale fluctuations responsible for carrier 

localization in AlGaN NWs. These fluctuations could result from the presence of an Al-rich shell 

around AlGaN NWs, which is a consequence of the relatively small Al diffusion length along the NW 

m-plane with respect to the Ga one and likely contributes to strain building-up in the AlGaN core as 

previously observed in the extreme case of GaN/AlN core/shell NW heterostructures [103, 269]. 

Although experimental evidence is still missing, we tentatively suggest that such a strain induced by 

the formation of the AlN-rich shell around the AlGaN NW section could play a role in a local 

chemical ordering, similar to the case of InGaN/GaN core/shell NWs [453, 454]. Resonant XRD 

experiments were recently performed on AlGaN NWs to acquire short-range structural information 

and to support or invalidate the latter assumption. Preliminary results of these experiments are 

provided in Annex 2. 
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4. Another step towards UV-LEDs: study of AlxGa1-xN nanowire 

pn junctions 

 

4.0 Introduction 

 

In addition to the fundamental properties of NID AlGaN NWs, those of their intentionally doped 

counterparts must be better understood in order to fully master both the emission and electrical 

injection of AlGaN NW-based optoelectronic devices such as UV-LEDs. As already mentioned in 

Subpart 0.2, AlxGa1-xN NW LEDs relying on p-i-n junction structures [77-82]  or polarization-induced 

doping supplemented with dopant incorporation [83, 93, 94] were demonstrated, operating for some of 

them at room temperature and even reaching IQEs up to 80% for AlN NW p-i-n devices [78]. 

However, the full understanding of their operation is still unclear, especially regarding the 

incorporation and activation of dopants in AlGaN and AlN NWs, the literature about the latter 

remaining scarce.  

In the 2D case, works are much more numerous. The most commonly reported doping agents for n- 

and p-doping in AlxGa1-xN are respectively Si and Mg, due to their large availability as well as their 

lower formation and ionization energies than those of other possible dopant species [128, 134]. It must 

be noted that, when only taking energetic considerations into account in the case of p-doping, Be is 

more suited than Mg but can incorporate as well on interstitial sites due to its too small atomic radius 

and then acts as a double donor [134]. In the following, we will mainly focus on the Si and Mg 

dopants that we used in this PhD work. Theoretical and experimental values for impurity donor and 

acceptor formation and ionization energies can be found in the literature for the following doped WZ 

nitrides: Si-GaN [134, 455], Mg-GaN [134, 456, 457], Si-AlN [128, 458-460], Mg-AlN [128, 379, 

380, 456, 459], Si-AlGaN [461-465] and Mg-AlGaN [462, 465-467]. 

For a given AlN molar fraction 𝑥, n-doping of AlxGa1-xN layers is easier to perform than p-doping, 

given the lower formation and ionization energy for the Si donor compared to the Mg acceptor. It must 

be also reminded that undoped AlxGa1-xN is intrinsically of n-type, due to the incorporation during 

growth of VN defects or ON impurities acting as donors. In addition, complexes can form during 

growth between impurities and dopant species, especially Mg-H complexes which can make the p-

dopants optically and electrically inactive [21, 468]. However, the binding energy of these Mg-H 

complexes remain low (0.7 eV in GaN for electrically neutral complexes [134]), so that they can be 

dissociated through post-growth thermal annealing in order to activate the Mg dopants [466, 469, 

470]. The two latter phenomena highly depend on the used growth method: residual oxygen and 

hydrogen impurities are much less present within MBE chambers under UHV than for MOVPE or 



 4.0 Introduction 

 163 

 

HVPE growth technique using oxygen and/or hydrogen compounds. Consequently, post-growth 

thermal processes are much more needed in the latter case [471, 472]. 

When increasing 𝑥 within AlxGa1-xN films, doping becomes more challenging. Indeed, regarding n-

doping, the Si donor ionization energy first increases with AlN molar fraction (from about 25 meV to 

86 meV for 𝑥 varying from 0 to 1 [463]), the Si-related energy levels being deeper in AlN than in 

GaN. Moreover, the density of defects compensating the free electrons also increases with Al content 

within the alloy, complicating n-doping even more [473-476]. As for p-doping, the issue is even more 

problematic, since the Mg acceptor ionization energy varies from around 225 meV for GaN [134, 457] 

to about 510 meV [128, 379] for AlN. In addition, similarly to electron compensation resulting from 

Si-doping, free hole compensation effects were also reported for Mg-doped AlxGa1-xN films [380, 

477]. Therefore, only a very small fraction of the Mg acceptors are ionized at room temperature in the 

latter layers. For both doping types, various approaches have been explored for AlGaN 2D layers in 

order to cope with the latter issues, including growth of AlxGa1-xN/AlyGa1-yN superlattices [478], -

doping [479], polarization-induced doping [480-482], UV-illumination during growth [483] and 

atomic flux ratio optimization [484]. 

In the case of AlxGa1-xN NWs, doping is expected to be easier than for 2D layers. Indeed, a 

decrease of donor and acceptor formation energy is likely to occur in such NWs, as theoretically 

shown for InN [485, 486] and AlN [78] NWs (see Figure 4.0.1 (b) and Figure 4.0.2 (b) & (c)). 

Moreover, due to the large amount of free surfaces in NWs, relaxation of elastic strain induced by the 

presence of dopants is facilitated, making their incorporation easier while avoiding/reducing the 

formation of extended defects usually observed in the 2D case (dislocations [487, 488], cracks [488, 

489], pyramidal defects [490, 491]) resulting from or being amplified by this incorporation. Both 

phenomena may lead to an increase in the Si solubility limit within AlxGa1-xN NWs, as shown recently 

for Si-doped GaN NWs [425, 492, 493]. Indeed, in the latter case, atomic concentrations of 2.5 10
20

 

atoms.cm
-3

 [425, 493] (see Figure 4.0.1 (a)) and 9 10
20

 atoms.cm
-3

 [492] were found, which is well 

above the theoretical limit of 5 10
19

 at.cm
-3

 [494]. Easier Mg incorporation in AlxGa1-xN NWs is also 

expected, similarly to Mg-doped GaN NWs demonstrated to exhibit atomic concentrations by far 

superior to their 2D counterparts [492]. For both doping types, NW morphology and typical diameter 

can also change upon significant enough doping concentration [364, 425, 492, 493]. For instance, 

heavily Si-doped GaN NWs grown by MBE are much broader than their NID counterparts and exhibit 

a 12-fold symmetry top facet instead of the 6-fold one usually observed [425]. 

Nonetheless, dopant incorporation is far from being homogeneous along the NW radius. Indeed, Si 

dopants were shown to segregate in the periphery of GaN NWs [425, 492, 493], as depicted in Figure 

4.0.1 (a). The same trend is also expected for Mg species, knowing that Mg was observed to segregate 

near surface in Mg-doped GaN films [495, 496] and in view of ab initio simulations [78, 486] 
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performed for InN and AlN NWs, as illustrated in Figure 4.0.2. This results in variation of electrical 

properties along the NW radial direction, in addition to those induced by compositional fluctuations 

inherent to the AlGaN alloy, especially along NW growth axis, as reported in InGaN NWs [497]. 

Another downside is that the ionization energy of donors and acceptors can be higher in NWs than in 

the bulk case, leading to a decrease in doping efficiency, as shown in Figure 4.0.1 (c) [498]. However, 

this effect is expected to be detrimental in the case of NWs much narrower than ours exhibiting strong 

dielectric confinement, such as those described in Subpart 1.2.3.3. 

 

 

Figure 4.0.1: (a) EDX maps (1) and (2) of two highly Si-doped GaN NWs. Si and Ga elements are highlighted in green 

and in red, respectively. Atomic concentration data in (3) correspond to the blue line in (1) and white dots in (2). 

Taken from [425]. (b) Ab initio calculation showing that the formation energy for In-substitutional Si doping near the 

InN m-plane surface is significantly lower than that in the bulk. Taken from [485]. (c) Ionization energy and 

ionization efficiency for P impurities in Si NWs as a function of the NW diameter. Taken from [498]. Curves would 

exhibit similar shapes and would be shifted towards smaller diameters (towards left) in the case of nitride NWs 

(notably due to the smaller carrier Bohr radius in nitrides than in Si). 
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Figure 4.0.2: (a) Auger electron spectroscopy depth profile of Mg distribution in the surface region of the Mg-doped 

GaN. The sputtering time is related to depth by a sputtering rate of 20 nm/min. (b) In-substitutional Mg acceptor 

formation energy near surface along the NW radial direction. Index 0 is the closest position to NW surface. (c) Al-

substitutional Mg formation energy along the nanowire radial direction. Index 1 indicates the surface. In both cases, 

the formation energy is lower significantly near surface, and the structure used for ab initio calculations is sketched.  

 

In the following, doped AlGaN and AlN NWs, especially NW pn junctions, will be investigated. We 

will first present the studied samples, before getting to the details of the structural and optical 

characterization results. 

 

4.1 Growth conditions of investigated doped AlxGa1-xN and AlN nanowire samples 

 

For our experimental needs, a few series of samples, consisting of long doped AlxGa1-xN NW 

sections on top of n-doped GaN NW templates, were grown in N-rich conditions using the PA-MBE 

setup detailed in Subpart 2.1.1. Only Si and Mg dopants were used to perform respectively n-doping 

and p-doping. The doped sections were mostly pn junctions, the p-doped AlGaN part being grown last 

in this case. Each doping type section was at least 500 nm long, which was required for some of the 

performed experiments (µ-Raman and KPFM) in view of their instrumental resolution and/or the 

expected evolution of band structure along NW junction axis. Adopted growth conditions mostly 

resulted in pn junction length of the order of 1.5 µm. For a given NW pn junction sample series, 

atomic fluxes were set to the same values so that the nominal AlN molar fraction 𝑥 was fixed (over the 

0.35-1 range), whereas growth temperature was varied over the 780-920°C range depending on the 
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targeted 𝑥 and the doping type. At low enough substrate temperatures, the length of Al-richer sections 

preferentially nucleating on top of GaN templates is expected to be low, as seen in chapter 3, and Mg 

incorporation is expected to be significant, due to limited Mg surface desorption, as reported in other 

works [78, 81, 493]. In addition, a few reference samples, either only n-doped or only p-doped or NID, 

were grown as well for some of the investigated junction AlN molar fractions. The GaN NW 

templates, for which growth is presented in Subpart 2.1.3, were self-nucleated at substrate 

temperatures as high as possible in order to lower NW density and avoid coalescence as much as 

possible, which was not trivial at all in view of required NW length and NW broadening which may 

result from lower growth temperature and/or from dopant incorporation. After nucleation, the substrate 

temperature could be lowered a bit to limit Ga desorption and to reach higher GaN NW axial growth 

rates. These templates were typically 40 nm ± 15 nm wide and their length could abruptly vary along 

the substrate radius, from a few hundreds of nm in the hotter areas to more than 1.0 - 1.5 µm out of 

them. The latter observation was expected given the extremely high substrate temperatures used for 

GaN NW growth (see Figure 4.2.2.2 for instance). 

The metallic fluxes were calibrated using both the RHEED-based method and the additional NW 

marker technique, respectively presented in Subparts 2.1.2.3 and 2.1.4.2, whereas the N flux was kept 

identical all the time (same parameters for the used N plasma cell). For growth of long doped AlGaN 

NW sections, the effective NW growth rates estimated for GaN and AlN with the marker technique 

were fixed in function of the desired nominal AlN molar fraction and such that their sum was inferior 

to stoichiometry in order to limit coalescence resulting from NW broadening, especially when growing 

at lower temperature, while maintaining growth rates high enough in order to keep reasonable growth 

duration. Knowing also that Mg was shown to incorporate more significantly when lowering metallic 

fluxes for AlN NWs [78], the effective III/N ratio was typically set over the 1/2-2/3 range. Regarding 

GaN NW templates, they were grown using a typical Ga/N ratio equal to 1/3 and estimated from 

RHEED-based calibration. It must be noted that we used the plasma cell allowing a maximum growth 

rate of about 0.25 ML/s for all the samples presented in the following: therefore, the related growth 

runs lasted very long (of the order of 15-20 hours for pn junction samples). As for dopant atomic 

fluxes, they were set based on another work reported for GaN NW grown on our setup [425, 493], : 

typical effusion cell temperatures of 900°C and over the 220-250°C were mostly used respectively for 

Si and Mg cells, leading to carrier concentrations of the order of 5.10
18

-10
19

 cm
-3

 for Si-doped GaN 

NWs grown at high substrate temperatures (corresponding 𝑡𝑑𝑒𝑠
𝐺𝑎  over the 3-7 s range) [425] and over 

the 10
17

-10
18

 cm
-3

 range for Mg-doped GaN NWs depending on their growth temperature 

(corresponding 𝑡𝑑𝑒𝑠
𝐺𝑎  over the 3-20 s range) [493]. The Si cell temperature was not set higher than 

900°C in order to avoid significant broadening observed for GaN NWs when using higher Si atom flux 

[425], whereas the Mg cell temperature was fixed high enough to ensure significant Mg incorporation, 

as observed for GaN NWs [493]. During any growth run, the substrate was continuously rotated to 
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promote growth homogeneity, since the flux incidence angles were not equal to 0, as previously 

mentioned in Subpart 2.1. 

Regarding substrate temperatures 𝑇𝑠𝑢𝑏𝑠, they were set, depending on our experimental needs, by 

measuring before each growth, when possible, the corresponding Ga desorption times 𝑡𝑑𝑒𝑠
𝐺𝑎  following 

the exposure of the Si (111) wafer surface to Ga flux in order to ensure reproducibility, as presented in 

Subpart 2.1.2.2. For this purpose, the Si substrates had to be deoxidized before their introduction in the 

MBE chamber and outgassed once mounted inside until the appearance of the 7x7 Si (111) surface 

reconstruction, as detailed in Subpart 2.1.2.1. GaN NW templates were grown on a thin AlN buffer 

(about 3 nm thick) in order to improve the NW orientation and reduce the NW nucleation time 

compared to growth on bare Si. In view of the very high substrate temperatures used to grow GaN 

NWs (of the order of 890-900°C, in others words 𝑡𝑑𝑒𝑠
𝐺𝑎  < 3 s), nucleation of the latter was typically of 

the order of 1h-1h30 when grown on AlN buffer. As for the 780-920°C range used to grown AlGaN, it 

corresponds to 𝑡𝑑𝑒𝑠
𝐺𝑎   over the 2-60 s range. It must be noted that the MBE oven round filament was 

replaced by a flat one (inducing a more abrupt temperature gradient along wafer radius), between 

growth of samples N2531 and N2535. 

Table 4.1.1 provides the list of samples from the series investigated in the following, recapitulating for 

each one the main growth parameters and dimensional features. 

 

Table 4.1.1: part 1 (AlGaN samples). 

Sample n- AlxGa1-xN p- AlxGa1-xN Structural parameters 

Reference 

number 

Nominal  

xAl (%) 

𝑡𝑑𝑒𝑠
𝐺𝑎  (s) 𝑇𝑆𝑖 (°C) 𝑡𝑑𝑒𝑠

𝐺𝑎  (s) 𝑇𝑀𝑔 (°C) Average top 

radius (nm) 

Hollow NW 

population (%) 

N2495* 0 3.5 900 14 220 - - 

N2518 35 10 900 60 220 110 - 

N2520 35 10 900 20 220 90 - 

N2540 35 10 NID - - 62 - 

N2547 35 10 900 10 220 70 - 

N2555 35 10 900 - - 49 - 

N2561 35 - - 10 220 55 - 

N2549 60 10 NID - - 70 - 

N2551 60 10 900 10 220 49 - 

N2569 75 20 900 10 220 117 - 

N2577 75 20 NID - - coalescence - 
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Table 4.1.1: part 2 (AlN samples). For both table parts, the main growth parameters of interest are provided for the 

various investigated samples of the series: nominal AlN molar fraction xAl, n- and p- AlxGa1-xN growth temperatures 

(𝒕𝒅𝒆𝒔
𝑮𝒂 ), as well as dopant cell temperatures. The pn junction samples are labeled in red the first column, the NID 

reference samples in green and other doped references in blue. Some structural parameters such as average top 

diameter (p-part) for all samples and hollow NW population (defined in the next subpart) for AlN NWs are also 

provided. *: sample N2495 details and characterization can be found in another work [493]. 

Directly after growth, basic macro-characterization experiments, namely SEM (see Subpart 2.2.1.1), 

XRD (see Subpart 2.2.2) and CW macro-PL (see Subpart 2.3.1.1) experiments were systematically 

performed, in this order for almost all as-grown samples. Common µ-characterization experiments on 

dispersed NWs such as STEM (see Subpart 2.2.1.2) or EDX (see Subpart 2.2.1.3) experiments were 

also carried out for well-chosen samples.  

 

4.2 Structural properties of AlxGa1-xN nanowire pn junctions 

 

4.2.1 Highlighting AlGaN nanowire pn junctions through structural characterization  

 

First, electron microscopy was used to evidence specific features peculiar to AlGaN NW junctions. 

Figure 4.2.1.1 provides typical side-view and top-view SEM images of several AlGaN NW pn 

junction samples grown with the same atomic fluxes (nominal AlN molar fraction 𝑥𝑛𝑜𝑚 = 0.35 in the 

present case) but at various growth temperatures for the p-part. When setting low enough substrate 

temperatures for p-part growth, the different NW parts are well delimited, as visible in Figure 4.2.1.1 

(a), (b) and in the inset framed in yellow zooming on a typical NW: a clear NW broadening can be 

observed from one given NW section to another. The NW top enlargement is assigned to significant 

incorporation of Mg atoms which are thought to preferentially segregate near NW sidewalls, as 

N2577 75 20 NID - - coalescence - 

Reference 

number 

Nominal  

xAl (%) 

𝑡𝑑𝑒𝑠
𝐺𝑎  (s) 𝑇𝑆𝑖 

(°C) 

𝑡𝑑𝑒𝑠
𝐺𝑎  (s) 𝑇𝑀𝑔 

(°C) 

Average top 

radius (nm) 

Hollow NW 

population (%) 

N2524 100 3 900 10 220 150 96 

N2527 100 3 900 3 220 100 63 

N2531 100 2 900 2 220 105 53 

N2535 100 2 NID - - 87 17 

N2538 100 2 900 2 250 87 5 

N2541 100 2 900 10 250 90 33 
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already mentioned in the introduction. In the following, the p-part growth temperature was not 

lowered below 800°C (corresponding 𝑡𝑑𝑒𝑠
𝐺𝑎  < 30 s) in order to avoid parasitic lateral growth such as the

one highlighted by the dashed green frame. When increasing growth temperature, Mg incorporation is 

likely to be less significant in view of the absence of net NW top widening, as observable in Figure

4.2.1.1 (c) and supported by the values of average NW top radii provided in Table 4.1.1. Indeed, the 

latter values decrease from 110 to 70 nm when reducing the Ga desorption time from 60 s to 10 s. For 

the smallest desorption time, the enlargement with respect to NID NWs shown in Figure 4.2.1.1 (d) is 

even almost negligible: the average top radius for the latter NWs was estimated at 62 nm (see Table 

4.1.1). 

 

Figure 4.2.1.1: Side-view and top-view SEM images, taken in the wafer center area, of Al0.35Ga0.65N NW pn junctions 

and reference grown on top of GaN NW templates in different conditions: (a) & (e) NW junction sample N2518, (b) & 

(f) junction sample N2520, (c) & (g) junction sample N2547, (d) & (h) NID reference sample N2540. Similar growth 

parameters were used for the n-part (or NID, same metallic fluxes and growth temperature corresponding to 𝒕𝒅𝒆𝒔
𝑮𝒂  = 10 

s), in contrast to the p-part (see Table 4.1.1 as well): for the latter, the substrate temperature was varied over a 

corresponding 10-60 s 𝒕𝒅𝒆𝒔
𝑮𝒂  range ((a) & (e): 60 s, (b) & (f): 20 s, (c) & (g): 10 s). The inset framed in dashed yellow 

zooms over a typical NW for which transitions (NW broadening) from GaN template to n-AlGaN (blue dashed line) 

and from n-AlGaN to p-AlGaN (orange dashed line) are clearly visible. The NW top of image (a) framed in dashed 

green exhibits lateral parasitic growth resulting from too low substrate temperature. 

For this Al0.35Ga0.65N NW pn junction sample series, the temperature threshold leading to p-part 

significant enlargement corresponds to a Ga desorption time (measured at the wafer center) comprised 

between 10 and 20 s, in view of Figure 4.2.1.1 (b), (c) and Figure 4.2.1.2. The latter figure displays 

several SEM images taken along the wafer radius for the sample of Figure 4.2.1.1 (c) for which p-part 

was grown at  𝑡𝑑𝑒𝑠
𝐺𝑎  = 10 s and does not exhibit any clear broadening (sample N2547) within the wafer 

center area. In contrast, it can be directly seen in Figure 4.2.1.2 (c) that NW enlargement, similar to the 
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one observed in Figure 4.2.1.1 (a) or (b) and likely resulting from enhanced Mg incorporation at lower 

substrate temperature, is retrieved when moving slightly out of the more homogeneous wafer center 

area (from 10 to 15 mm away from center).  

 

Figure 4.2.1.2: Side-view and top-view SEM images of the Al0.35Ga0.65N NW pn junction sample displayed in Figure 

4.2.1.1 (c) & (g) for which the p-part was grown at higher temperature (sample N2547, 𝒕𝒅𝒆𝒔
𝑮𝒂  = 10 s for p-part). The 

images were taken along the wafer radius at: (a) & (d) 10 mm from wafer center (higher substrate temperature), (b) 

& (e) 13 mm from wafer center, (c) & (f) 15 mm from wafer center (lower substrate temperature). The dashed yellow 

inset of image (a) zooms over a typical NW exhibiting no significant broadening, in contrast to the other dashed yellow 

inset provided in (c). Indeed, on the latter, transitions between different regions, from GaN template to n-doped 

AlGaN (blue dashed line) and especially from n-AlGaN to p-AlGaN (orange dashed line), are clearly visible. Similarly 

to samples exhibited in Figure 4.2.1.1 (a) & (b), the NW p-part broadening is likely to result from more significant Mg 

incorporation at low enough growth temperature. 

Regarding the NW widening observed from n-GaN NW template to n-AlGaN part in Figure 4.2.1.1, it 

is likely to be mostly induced by non-negligible AlN radial growth rates at these substrates 

temperatures, rather than significant Si incorporation near NW surface. Indeed, n-doped GaN NWs 

grown using the same Si atomic flux did not exhibit significant enlargement with respect to NID GaN 

NWs [425].  It must be noted that bundling phenomena can be observed for the n-doped GaN NW 
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bases (see for instance Figure 4.2.1.1 (a)), as previously reported [307]: when getting long enough, 

such templates can bend and coalesce due to electrostatic interactions between them.  

Figure 4.2.1.3 (a) and (e) display typical STEM-BF and HAADF images of two dispersed 

Al0.35Ga0.65N NW pn junctions grown on top of n-GaN NW bases. On all images, a chemical contrast 

between the Ga-richer NW core and the Al-richer shell is visible, as expected.  Zoomed images 

provided for the first NW from Figure 4.2.1.3 (b) to Figure 4.2.1.3 (d) reveal that this shell surrounds 

almost the whole NW, down to the GaN NW template bottom, which may complicate electrical 

characterization of the AlGaN NW core in experiments such as KPFM presented further. Figure 

4.2.1.3 (f) shows the transition between the n-GaN NW base and the AlGaN pn junction: the contrast 

difference between both parts is not marked due to the rather low Al content within the alloy. At 

macroscopic scale, the AlGaN junction core seems rather homogeneous given the absence of net 

contrast fluctuations in both Figure 4.2.1.3 (e) and (f). 

 

Figure 4.2.1.3:  (a) STEM-BF image of an Al0.35Ga0.65N NW pn junction grown on top of GaN NW template (from 

sample N2518, p-part grown at 𝒕𝒅𝒆𝒔
𝑮𝒂  = 60 s). Zoomed images were recorded along the NW, from top (b) to bottom (d). 

An Al-richer shell is present almost all along the NW. (e) STEM-BF image for another NW from the same sample: the 

different NW regions (n-GaN template, n-AlGaN, p-AlGaN on top) are clearly visible here. (f) STEM-ADF image 

taken around the transition from GaN template to n-AlGaN.  
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Quantitative EDX analysis was then carried out on AlGaN NW pn junctions grown at several 

AlN molar fractions. Scans along the NW growth axis and along the NW diameter were performed on 

a few dispersed Al0.35Ga0.65N and Al0.6Ga0.4N junctions, as provided respectively in Figure 4.2.1.4 and 

Figure 4.2.1.5. Before detailing the results, it must be mentioned that the evolution of the N/(N + 

metal) ratio is given for all scan profiles: the latter must remain close to 50% so that EDX 

quantification can be considered accurate. In addition, regarding displayed profiles of Al/(Al + Ga) 

ratio, i.e. Al composition, the contribution of the thin Al-richer shell wrapping the NW is not removed 

here so that the provided local Al compositions within the NW core are likely to be very slightly 

overestimated. In contrast, local compositions within the shell can be underestimated depending on the 

size of the electron beam with respect to the shell thickness: a slight part of the Ga-richer core may be 

integrated in related measurements.  

First, axial and radial scans highlight respectively an Al-richer section preferentially nucleating on top 

of GaN NWs in the case of the Al-richer junction sample and an Al-richer shell surrounding the 

AlGaN core for both p- and n-parts, as expected in view of previous chapters. From the latter scans, 

the shell Al composition is of the order of 60% and 100% (pure AlN) for Al0.35Ga0.65N and Al0.6Ga0.4N 

NW pn junctions, respectively. As for the junction core composition, the latter is consistent with the 

nominal AlN molar fractions and in good agreement with average Al composition measured by XRD: 

38.8% for the Al0.35Ga0.65N NW pn junction sample (N2518) and 57.4% for the Al0.6Ga0.4N sample 

(N2551) investigated here.  

Furthermore, axial scans interestingly reveal 5-10% “pits” in the Al composition profiles of almost all 

investigated samples for which the NW p-part is significantly broadened: the Al composition 

decreases until the beginning of p-part growth, which seems correlated to an increase in the Al 

composition. The latter may decrease again when getting closer to the NW top. In the examples 

provided in Figure 4.2.1.4 and Figure 4.2.1.5, such “pit” is observed for axial scan positions around 

1.1 µm, 2 µm, and 1.3 µm, respectively for Al0.35Ga0.65N NW 1, Al0.35Ga0.65N NW 2 and Al0.6Ga0.4N 

NW 2, which corresponds to the transition between n-AlGaN and p-AlGaN for each case. Using EDX 

this time, we have just identified another feature distinguishing p-AlGaN from the n-doped AlGaN 

section. In the following, we tentatively suggest an explanation for the presence of such composition 

profile pits: along NW n-part growth axis, Ga incorporation gets progressively easier, similarly to the 

case of NID AlGaN NWs presented in chapter 3 or previously reported [139, 319-321, 323], leading to 

the decrease in Al composition in axial scan profiles. Then, when switching to the p-part growth, 

several assumptions, all leading to an increase in Al composition within NW pn junction tops, can be 

considered: first, the big Mg atoms preferentially replace Ga atoms rather than Al ones, since the MgGa 

formation energy is inferior to the one of MgAl [456]. Second, such dopant incorporation may cause an 

increase in native defects such as cation vacancies [499, 500], particularly Ga ones: it was 

demonstrated that forming Ga vacancies VGa requires less energy than VAl [465, 501]. Last, Mg 
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adatoms may play a surfactant role during p-part growth, favoring Al incorporation at the expense of 

Ga: Mg-doping was proven to enhance axial and radial growth rate of AlN nanorods [502], whereas it 

was observed to reduce the growth window for GaN films [496, 503]. However, in view of the “pit” 

depth of the order of 5-10%, the last assumption seems more plausible, especially since the Al 

composition was observed to decrease after the pit, as visible for Al0.35Ga0.65N NW 1 and Al0.6Ga0.4N 

NW 2. Indeed, the latter observation is consistent with a significant accumulation of Ga adatoms 

which would result from both the preferential incorporation of Al ones due to Mg surfactant effect and 

the rather low growth temperature limiting Ga desorption, which makes Ga incorporation more 

probable at one point. Furthermore, the two other mentioned assumptions may contribute to the 

observed increase in Al composition but in a much lesser extent given the p-doping levels. It must be 

noted that the second possibility is the most unlikely among the three: cation vacancies and associated 

complexes in WZ nitrides exhibit specific and deep optical signatures [128, 134], which were not 

observed during optical characterization experiments presented in Subpart 4.3.  
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Figure 4.2.1.4: Quantified EDX analysis performed for two Al0.35Ga0.65N NW pn junctions (a) & (b) (sample N2518, p-

part grown at 𝒕𝒅𝒆𝒔
𝑮𝒂  = 60 s) along NW growth axis (1), along NW p-part diameter (2) and along NW n-part diameter 

(3).  For each scan, experimental N/ (N + metal) and Al / (Al + Ga) ratios are displayed. The first ratio must remain 

around 50% in order to consider the quantification accurate, whereas the second one corresponds to the measured 

local Al composition (thin shell contribution not removed here). Radial scans (2) and (3) highlight the Al-richer shell 

and provide a rough estimation of its Al composition, whereas axial scans (1) interestingly reveal a slight “pit” in the 

Al composition profile, occurring at the transition between n-AlGaN and p-AlGaN region. 
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Figure 4.2.1.5: Quantified EDX analysis performed for two Al0.6Ga0.4N NW pn junctions (a) & (b) (sample N2551, p-

part grown at 𝒕𝒅𝒆𝒔
𝑮𝒂  = 10 s) along NW growth axis (1), along NW p-part diameter (2) and along NW n-part diameter 

(3).  For each scan, experimental N/ (N + metal) and Al / (Al + Ga) ratios are displayed. The first ratio must remain 

around 50% in order to consider the quantification accurate, whereas the second one corresponds to the measured 

local Al composition (thin shell contribution not removed here). Radial scans (2) and (3) highlight the Al-richer shell 

and provide a rough estimation of its Al composition, which is almost pure AlN for both NWs (a) and (b). 

Interestingly, axial scans (1) reveal a slight “pit” in the Al composition profile at the transition between the n-AlGaN 

and p-AlGaN region for NW (b), for which p-part broadening is more significant than for the other NW (a). 
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Using the KPFM variant of AFM structural characterization technique (see Subpart 2.2.3), we can 

go further than the results presented so far and electrically evidence the AlGaN NW pn junction. Such 

technique has been already successfully used to highlight GaN NW pn junctions [358]. When 

scanning along the NW axial direction from the NW top to its bottom as shown in the KPFM surface 

potential map of Figure 4.2.1.6 (a), a clear CPD voltage offset is visible between p-AlGaN and n-

AlGaN in associated Figure 4.2.1.6 (c), highlighting for the first time an AlGaN NW pn junction 

through this technique. A fit with a sigmoid curve leads to an offset value of 200 meV. The evolution 

of height along the NW axial direction was also monitored, from the AFM topographical map 

provided in Figure 4.2.1.6 (b), to demarcate the AlGaN pn junction from the n-doped GaN template. 

Indeed, as visible in Figure 4.2.1.6 (c), the height, namely the diameter of the investigated dispersed 

NW, is first constant in the p-part before it progressively decreases along n-AlGaN until reaching 

another constant value corresponding to the GaN NW base. 

 

Figure 4.2.1.6: (a) Surface potential map (KPFM image) of an investigated dispersed Al0.35Ga0.65N NW pn junction 

grown on top of an n-doped GaN NW template (sample N2520). The red arrow indicates the scan profile performed 

along the NW axial direction, from NW top to NW bottom. (b) Associated topographical AFM image. (c) Evolution of 

the surface potential (CPD voltage, profile from (a)) and height (Z, profile from (b)) along the NW axial direction. The 

CPD voltage offset (𝚫V = 200 meV) indicates the presence of an AlGaN pn junction, the latter being clearly 

demarcated by the height variation along the NW axial direction. 

Such KPFM scans were also performed for pure AlN NW pn junctions grown in various conditions 

but have not led so far to the observation of similar CPD voltage offset between p-AlN and n-AlN. 

Samples annealed post-growth in a dedicated oven under N2 atmosphere during 15 min at several 

temperatures over the 750-1050°C range (using 100°C steps) were also investigated, but no 

improvement was noticed. Consequently, dopants, especially Mg atoms, either remained electrically 
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inactive in spite of annealing and/or were not incorporated significantly enough during growth. In 

order to identify the issue, specificities of AlN NW junctions will be scrutinized in the following, 

starting with their structural properties in the next subpart. 

 

4.2.2 Peculiarities of AlN nanowire pn junctions  

 

Concomitantly to the investigation of AlGaN NW pn junctions, the structural properties of pure 

AlN NW pn junctions grown on top of n-doped GaN NW bases were also studied. Figure 4.2.2.1 

provides typical side-view and top-view SEM images of several AlN NW pn junction samples grown 

with the same atomic fluxes but at various growth temperatures for the p-part. When setting low 

enough substrate temperatures for p-part growth, hollow cores can be observed in most NWs, as 

visible in Figure 4.2.2.1 (e) and its associated inset framed in yellow zooming on a typical hexagonal 

NW top. When increasing growth temperature, the population of hollow core NWs decreases, as 

visible in Figure 4.2.2.1 (f), (g), and (h). Indeed, according to values provided in Table 4.1.1, the 

percentage of NWs presenting such hollow cores decrease from 96% to 53% when decreasing Ga 

desorption time from 10 s to 2 s.  In addition, Mg seems to act as a surfactant during p-part growth, 

similarly to previously reports [502], since increasing the Mg atomic flux, i.e. the Mg cell temperature, 

leads to a decrease in the hollow core NW population, as observable in Figure 4.2.2.1 (h). Indeed, in 

view of values of Table 4.1.1, the percentage of hollow core NWs diminishes to 33 and 5%, 

respectively for p-part growth at 𝑡𝑑𝑒𝑠
𝐺𝑎  = 10 s and 𝑡𝑑𝑒𝑠

𝐺𝑎  = 2 s, when increasing the Mg cell temperature 

by 30°C with respect to the one used for NW pn junction samples presented from Figure 4.2.2.1 (e) to 

(g).  

At high enough substrate temperatures, with or without p-doping, NW tops are no longer 

hexagonal but mostly exhibit a star-like shape with 12 facets, as shown in Figure 4.2.2.1 (h), Figure 

4.2.2.2 (d) and their associated yellow framed insets zooming on NW tops. This morphology indicates 

that the system is very far from thermodynamical equilibrium, since crystal theory applied to WZ 

nitrides shows that convex shapes like the hexagonal one usually observed for our NWs grown by 

MBE out of equilibrium are always attained for growth conditions remaining close enough to such 

equilibrium [301, 504] (at least up to those typically used to grow GaN NWs: substrate temperature 

corresponding to 𝑡𝑑𝑒𝑠
𝐺𝑎 ≈ 7 s, and effective III/N ratio inferior or equal to stoichiometry). Here, the NW 

m-planes were each divided in two in order to minimize the total energy of the system, resulting in a 

concave shape. 
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Figure 4.2.2.1: Side-view and top-view SEM images, taken within the wafer center area, of AlN NW pn junctions 

grown on top of GaN NW templates in various conditions: (a) & (e) NW junction sample N2524, (b) & (f) junction 

sample N2527, (c) & (g) junction sample N2531, (d) & (h) junction sample N2538. Similar growth parameters were 

used for the n-part (same atomic fluxes and growth temperatures set over a corresponding 2-3 s 𝒕𝒅𝒆𝒔
𝑮𝒂  range), in 

contrast to the p-part (see Table 4.1.1 as well): for the latter, the Mg cell temperature (i.e. Mg atom flux) and 

substrate temperature were varied over respectively a 220-250°C range and a corresponding 2-10 s 𝒕𝒅𝒆𝒔
𝑮𝒂  range, as 

follows: (a) & (e): 220°C, 10 s, (b) & (f): 220°C, 3 s, (c) & (g): 220°C, 2 s, (d) & (h): 250°C, 2 s. The inset of image (e) 

framed in dashed yellow zooms over a typical NW top exhibiting a hollow core within the hexagonal shape commonly 

observed over typical GaN NW growth temperature range (𝒕𝒅𝒆𝒔
𝑮𝒂  > 3 s) . As for the other inset displayed in (h), the 

latter highlights the NW star-like shape (12 lateral facets) which prevails over the hexagonal one at high enough 

substrate temperatures. 

Figure 4.2.2.2 provides side-view and top-view SEM images taken along the wafer radius for the NID 

AlN NW reference sample. The evolution of GaN NW template length along the wafer radius 

emphasizes the extremely high substrate temperature set in the wafer center area, in contrast to the 

wafer edge: the latter length is inferior to 200 nm 10 mm away from wafer center and superior to 1.5 

µm 5 mm further (GaN NW template growth duration of the order of 10 h). In addition, the star-like 

shape, exhibited in the inset of Figure 4.2.2.2 (d), gets less and less well-defined when getting further 

and further away from the wafer center as expected, since we are getting closer to thermodynamical 

equilibrium. 
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Figure 4.2.2.2: Side-view and top-view images of AlN NID NWs (from sample N2535, 𝒕𝒅𝒆𝒔
𝑮𝒂  = 2 s). The images were 

taken along the wafer radius at: (a) & (d) 10 mm from wafer center (higher substrate temperature), (b) & (e) 12 mm 

from wafer center, (c) & (f) 15 mm from wafer center (lower substrate temperature). The significant difference on 

GaN NW template length between (b) and (c) illustrates the abrupt change in substrate temperature occurring 

around 15 mm away from the wafer center. The dashed yellow inset of image (d) zooms over a typical NW top 

exhibiting a well-defined star-like shape, which is the dominant morphology at high enough AlN NW growth 

temperature. 

Decreasing even more the temperature results in NWs exhibiting the usual hexagonal shape, as shown 

in Figure 4.2.2.3 providing SEM images for a NID AlN NW sample (N2148) grown at lower 

temperature than the sample edge exhibited in Figure 4.2.2.2 (c) and (f). Indeed, Figure 4.2.2.3 (b) 

exhibits mostly hexagonal NWs and a few star-like NWs. It must be also noted that no hollow cores 

are observed in NID NW tops, whatever their growth temperature, contrary to the NW pn junction 

tops presented in Figure 4.2.2.1, which implies that such hollow cores are induced by the mere doping.   
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Figure 4.2.2.3: (a) Side-view SEM image of shorter NID AlN NW sections grown on top of short NID GaN NW 

templates (sample from a previous series: N2148, AlN growth temperature corresponding to 𝒕𝒅𝒆𝒔
𝑮𝒂  = 7 s). (b) Top-view 

SEM image of NID AlN NW sections. No hollow cores are observed at this growth temperature. NW tops are mostly 

hexagonal: the star-like shape starts appearing.  

 

In order to estimate the depth of hollow cores in AlN NWs exhibiting them, the AFM technique 

(see Subpart 2.2.3 for more details) was first used. Figure 4.2.2.4 provides a typical AFM image 

exhibiting the sample surface topography and the results of a scan profile crossing some hollow core 

NWs. From several scans performed similar to the one shown in Figure 4.2.2.4 (b), a mean hollow 

core depth of 190 nm was found. Nevertheless, the AFM cantilever has a curving radius of 7 nm so 

that the setup limits regarding topography were attained. Consequently, we can only conclude at this 

point that the NW grooves are at least 190 nm deep in average. In other words, the mere previous 

result does not tell us whether the hollow cores in AlN NWs are only related to the p-part or whether 

the entire pn junctions are sorts of “nanotubes”. 
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Figure 4.2.2.4: (a) Top-view topographical AFM image of AlN NW pn junctions (sample N2524, 𝒕𝒅𝒆𝒔
𝑮𝒂  = 10 s for p-

part). (b) Evolution of height along the solid white line of (a): the latter notably crosses a hollow core NW (see related 

dashed dot blue line). From numerous AFM scans over the sample surface, a mean depth of at least 190 nm was 

derived for the investigated hollow cores.  

 

To acquire more information about the hollow core depth, we can couple the result of previous AFM 

experiments with observations of electron microscopy images. Figure 4.2.2.5 shows STEM-HAADF 

images displaying typical dispersed AlN NW pn junctions grown on top on GaN NW bases and 

exhibiting hollow cores. Clear variations in contrast can be directly noticed within the AlN section, on 

all provided images. The latter variations correspond in fact to the hollow cores, so that their depth can 

be more accurately estimated. From the images at our disposal, hollow core depth was found to vary 

between 105 and 480 nm, which is in any case inferior to the length of the p-part (given our growth 

recipes). Therefore, we can safely conclude that these hollow cores result from Mg doping performed 

at low enough growth temperature.  
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Figure 4.2.2.5: STEM-HAADF images of three AlN NW pn junctions (sample N2527, 𝒕𝒅𝒆𝒔
𝑮𝒂  = 3 s for p-part): (a), (c) 

and (d). The clear contrast only observable at the NW top part is consistent with hollows related to pn junctions 

rather than nanotubes.  Their depth can be roughly estimated from such images. 

 

4.3 Optical signature of AlxGa1-xN nanowire pn junctions 

 

4.3.1 Luminescence of as-grown ensembles of doped AlxGa1-xN nanowires 

 

As a first step, macro-optical characterization was performed on as-grown samples to assess the 

average optical signature of AlGaN NW pn junctions.  Macro-PL experiments were first carried out 

using the setup detailed in Subpart 2.3.1.1 and equipped with the 244 nm CW laser, similarly to those 

performed in chapter 3. Figure 4.3.1.1 provides macro-PL spectra recorded at low temperature (10 K) 

for two Al0.35Ga0.65N NW pn junction samples grown in different conditions (different substrate 

temperatures for the p-part). For each sample, two main broad peaks can be observed: the first and 

dominant emission at lower energy probably results from strained GaN NW templates and deep 

optical transitions involving Mg-related energy levels within the AlGaN bandgap, whereas the second 

one at higher energy likely corresponds to the AlGaN NBE luminescence. Given the low PL intensity 

of the latter compared to the lower energy peak and knowing the experimental geometry, the NBE 

luminescence is likely to mostly originate from the n-AlGaN section. Indeed, the NW top, namely p-

AlGaN here, mostly absorbs the incident laser beam before the latter reaches the n-AlGaN section 

below. Similarly to some PL spectra of chapter 3, the NBE presents several peaks or shoulderings, 

also attributed to variation in Al composition. It must be noted that the PL of sample grown at lower 

temperature for the p-part (sample N2518) is globally blue-shifted with respect to the other one 

(N2520), especially the dominant peak at lower energy. Regarding the NBE, its blue-shift is in fact 

lower, when comparing the peak shouldering at high energy for sample N2520 more visible in Figure 

4.3.1.1 (b) with the main NBE peak observed for sample N2518. This global blue-shift can be first 

explained by the average AlN molar fraction found to be slightly superior for sample N2518 (0.388 
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versus 0.347 using XRD), despite the lower growth temperature set for a part of AlGaN NW section 

(p-AlGaN) and the use of identical atomic fluxes. Second, the Stokes shift may be lower in the case of 

sample N2518, due to enhanced alloy homogeneity induced by the lower growth temperature used for 

p-part. 
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Figure 4.3.1.1: (a) Macro-PL spectra on linear scale recorded at low temperature (10 K) for two Al0.35Ga0.65N NW pn 

junction samples (N2518 and N2520). The sample number and associated substrate temperature used to grow the p-

part (the corresponding 𝒕𝒅𝒆𝒔
𝑮𝒂 ) are given between brackets in legend. The dark dashed lines indicate the main peaks 

attributed to AlGaN NBE, whereas the green dashed lines point out the main lower energy peaks assigned to Mg-

related energy levels. (b) Same macro-PL spectra on logarithm scale. 

 

Figure 4.3.1.2 shows macro-PL spectra recorded at low temperature (10 K) for AlGaN NW pn 

junction samples grown at various nominal AlN molar fractions over the 0.35-0.75 range 

(experimentally, average AlN molar fractions of 0.347, 0.574 and 0.758 were determined by XRD 

respectively for samples N2520, N2551, and 2569). It can be seen that both peaks attributed to AlGaN 

NBE and Mg-related optical transitions shift with Al content. Power-dependent macro-PL data exhibit 

no or very slight blue-shift with excitation power for the lower energy peak, as visible in Figure 

4.3.1.3 (a) and (b) for Al0.35Ga0.65N and Al0.75Ga0.25N NW pn junction samples (respectively N2520 

and N2569). Results of temperature-dependent macro-PL experiments are also displayed for the same 

sample (N2569), as well as for Al0.6Ga0.4N NWs (N2551), in Figure 4.3.1.3 (c) and (d), revealing PL 

intensity quenching with temperature much lower, for the peaks assigned to Mg-related transitions 

compared to the NBE ones. Indeed, 𝐼300𝐾/𝐼10𝐾 ratios are of the order of 20-25% for the lower energy 

peaks in investigated samples, whereas they are over the 1-5% range for NBE peaks recordable with 

our setup and are expected to be of this order for the Al-richer sample (N2569). It must be noted that 

the lower intensity quenching observed at lower emission energy is likely to partly result from carrier 

thermal escape towards lower energy levels. In view of the two previous observations, these lower 

energy peaks likely originate, in all investigated samples, from the same Mg-related transition, which 
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is unlikely a DAP transition involving a deep level, since we do not observe a significant blue-shift 

with excitation power. The origin of this transition will be further discussed in the next subpart. 
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Figure 4.3.1.2: Macro-PL spectra recorded at low temperature (10 K) for three AlGaN NW pn junction samples 

grown at various nominal AlN molar fractions (𝒙 = 0.35, 0.6, and 0.75 respectively for samples N2520, N2551, and 

2569). The solid lines point out the lower energy peaks attributed to Mg-related transitions, whereas the dashed lines 

indicate the main AlGaN NBE for the two lowest AlN molar fractions. For the present figure, the used excitation 

source was a pulsed laser emitting at 266 nm, temporarily replacing the 244 nm CW laser: the excitation power 

density was therefore higher than usual. 
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Figure 4.3.1.3: (a) & (b) Power-dependent macro-PL spectra for Al0.35Ga0.65N (N2520) and Al0.75Ga0.25N (N2569) NW 

pn junctions, respectively. Guide lines are displayed, exhibiting almost no/very slight blue-shift with power of peaks. 

(c) & (d) Temperature-dependent macro-PL spectra, respectively for Al0.6Ga0.4N (N2551) and Al0.75Ga0.25N (N2569) 

NW pn junctions. Dashed guide lines are displayed for the main peaks. PL intensity quenching with temperature of 

lower energy peaks is lower than for NBE.  For the whole figure, the used excitation source was a pulsed laser 

emitting at 266 nm, temporarily replacing the 244 nm CW laser: the excitation power density was thus higher than 

usual. 

 

Raman spectroscopy (see Subpart 2.3.3) was also performed in collaboration with Ana Cros’ 

group (Institute of material science, University of Valencia, Spain) on as-grown NWs, first for 

Al0.35Ga0.65N NW pn junction samples (N2518 and N2520). The resulting GaN-like mode peaks (E2h, 

A1(TO), A1(LO)) over the 500-900 cm
-1

 frequency range are displayed in Figure 4.3.1.4 (a). The peak 

around 710 cm
-1

 was attributed to the silent mode B1 activated by disorder. However, it could also 

correspond to the surface optical mode from GaN activated by NW geometry and its reduced 

dimensions. Future measurements on AlGaN pn junctions of other Al content should confirm or 

invalidate the latter assignment, since B1 mode is supposed to shift with AlN molar fraction. Another 

peak/shouldering visible around 755 cm
-1

 was assigned to the surface optical mode SO2. The latter 

contribution will not be further discussed in the following. 
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For the main observed GaN-like modes (A1(TO), E2h, and A1(LO)), the related Raman shift values 

obtained for one of the Al0.35Ga0.65N NW pn junction samples (N2520) were superimposed on the 

evolution of such shifts with AlN molar fraction for relaxed AlGaN (taken from literature [397]), from 

Figure 4.3.1.4 (b) to (d). The latter values are on the whole in good agreement with the 0.35 (0.347) 

AlN molar fraction value determined by XRD. Only the shift obtained for E2h is slightly below the 

expected value, but a similar downshift is also observed for the GaN NW pn junction sample (N2495), 

as shown in Figure 4.3.1.4 (c). 
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Figure 4.3.1.4: (a) Raman spectra recorded at room temperature for two Al0.35Ga0.65N NW pn junction samples 

(samples N2518 and N2520). The reference spectrum for Si substrate is also provided and must be subtracted. (b) 

Raman shift of the A1(TO) GaN-like mode displayed for one of the Al0.35Ga0.65N NW pn junction samples (N2520, big 

dot) and superimposed on the evolution of this mode shift with AlN molar fraction recorded for relaxed AlxGa1-xN 2D 

layers (data from [397]). (c) Raman shift of the E2h GaN-like mode displayed for the same Al0.35Ga0.65N NW pn 

junction sample (N2520, big dot) and for a pure GaN pn junction sample (N2495). The data is superimposed on the 

evolution of this mode shift with AlN molar fraction for relaxed AlxGa1-xN (data from [397]). (d) Raman shift of the 

A1(LO) GaN-like mode displayed for the same Al0.35Ga0.65N NW pn junction sample  (N2520, big dot) and 

superimposed on the evolution of this mode shift with AlN molar fraction for relaxed AlxGa1-xN (data from [397]).  
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Figure 4.3.1.5 provides the Raman spectra for the same Al0.35Ga0.65N NW pn junction samples 

(N2518-N2520) and the GaN NW pn junction sample (N2495) taken as reference here over a higher 

frequency range (2000-2500 cm
-1

). For all three samples, clear Mg-H modes around 2150 cm
-1

 are 

observed, similarly to previous reports on GaN grown by MBE [505, 506], proving that a lot of Mg 

was incorporated in the samples. Indeed, given the very low residual hydrogen level within the MBE 

chamber in contrast to MOVPE or HVPE growth, the observation of such modes was not expected, 

unless Mg incorporation was significant enough. This is the first time that such modes have been 

reported for AlGaN grown by MBE, so that estimating doping levels from these measurements is 

complicated for the time being. For GaN, a similar spectrum would correspond to Mg content of the 

order of 5 10
19

 cm
-3

 [493]. Compared to Mg-H modes observed in GaN, those in AlGaN are slightly 

shifted and broader. The latter broadening is assigned to alloy intrinsic inhomogeneity. As for the 

slight frequency shift, the frequency of local modes depends very weakly on the binary host (GaN or 

AlN), but Mg-H atoms may adopt different disposition or slightly alter the material bond length, 

leading to such small changes in Raman shift values. In addition, Mg-H modes were not observed in 

the lower frequency range of Figure 4.3.1.4 for our AlGaN samples, in contrast to GaN NWs [493]. In 

order to dissociate these Mg-H complexes and fully activate Mg dopants, post-growth annealing was 

carried out in a dedicated oven under N2 atmosphere during 15 min at several temperatures (from 

750°C to 1050°C, every 100°C), but did not result in noticeable decrease in related peak intensities in 

Raman spectra so far. 
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Figure 4.3.1.5: Raman spectra recorded at room temperature and displayed at high Raman shifts for two Al0.35Ga0.65N 

NW pn junction samples (samples N2518 and N2520) and one GaN NW pn junction sample (N2495). Mg-H modes are 

clearly observable around 2150 cm-1 for the three samples, as well as the N2-related (Raman experiment atmosphere) 

mode at 2329 cm-1. 

Raman spectroscopy (see Subpart 2.3.3) was also performed on as-grown AlN NW pn junction 

samples (N2524, N2527 and N2531 introduced in Figure 4.2.2.1). Frequency values for A1(TO) and 
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E2h modes are respectively 610 cm
-1

 and 655 cm
-1

, according to Figure 4.3.1.6 (a) in good agreement 

with values for relaxed AlN (see Figure 4.3.1.4 and/or Table 2.3.3.1). Contrary to Al0.35Ga0.65N, no 

peculiar signature was observed over low frequency ranges, in view of Figure 4.3.1.6 (a), and no Mg-

H modes were highlighted over higher ranges, as shown in Figure 4.3.1.6 (b), meaning that either Mg 

incorporation in AlN was much less significant than for Al0.35Ga0.65N or that Mg-H complexes did not 

form during growth. However, C-H modes were observed in AlN samples, highlighting the presence 

of residual carbon and hydrogen within the MBE chamber during growth. Moreover, Al0.35Ga0.65N and 

AlN samples mostly investigated in Raman were grown consecutively. Consequently, the assumption 

about lesser Mg incorporation in AlN is more plausible. 
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Figure 4.3.1.6: (a) Raman spectra recorded at room temperature for three AlN NW pn junction samples (samples 

N2524, N2527 and N2531). (b) Raman spectra displayed at higher Raman shifts for the same AlN pn junction samples 

and one Al0.35Ga0.65N pn junction sample (N2518). Mg-H modes are not observable for the three AlN samples, in 

contrast to C-H modes. 

 

4.3.2 Investigation at smaller scale of dispersed AlxGa1-xN nanowire pn junctions 

 

We then investigated the optical properties of smaller quantity of matter, through the 

characterization of bunches of or single dispersed NW pn junctions. µ-PL experiments were first 

performed on such objects, using the same CW laser as macro-PL (244 nm emission, setup described 

in Subpart 2.3.1.1). As expected in view of the results about NID AlGaN NWs presented in chapter 3, 

the µ-PL spectra provided for bunches of dispersed Al0.35Ga0.65N NW pn junctions (samples N2518 

and N2520) in Figure 4.3.2.1 exhibit many sharp lines, particularly at high emission energies 

corresponding to NBE, attributed as well to alloy compositional fluctuations. These lines are indeed 

much more numerous within the NBE range than over lower emission energy ranges that likely 
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correspond to transitions involving Mg-related levels. Consequently, energy levels involved in the 

latter transitions, other than the acceptor levels related to the mere substitutional Mg, are unlikely to 

result from compositional fluctuations but would better correspond to defect-related or complex-

related levels, especially since the transition is quite deep: when taking a look at macro-PL spectra of 

Figure 4.3.1.1, the Mg-related transition energy is below the GaN band gap whereas the NBE is 

around 4.1 eV. Such assumption will be discussed more in detail further. 
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Figure 4.3.2.1: µ-PL spectra recorded at low temperature (10 K) for dispersed Al0.35Ga0.65N NW pn junctions (samples 

N2518: (a) & (b), N2520: (c) & (d)) grown (at different substrate temperatures for the p-part, corresponding to 𝒕𝒅𝒆𝒔
𝑮𝒂  = 

60 s and 𝒕𝒅𝒆𝒔
𝑮𝒂  = 20 s respectively for N2518 and N2520) on top of GaN NW templates. Spectra given in (a) and (c) are 

displayed over a wider range including the GaN NBE, in contrast to those provided in (b) and (d) focusing on the 

AlGaN NBE. 

To confirm or invalidate our previous assumptions, nanoCL experiments were performed in 

collaboration with Mathieu Kociak and Luiz Tizei (from LPS, Orsay), first on bunches of dispersed 

AlGaN NW pn junctions. Figure 4.3.2.2 and Figure 4.3.2.3 show the results obtained for two 

Al0.35Ga0.65N NW pn junction samples (respectively for samples N2518 and N2520). Luminescence 

from rectangular frame areas placed along the NW axis (see Figure 4.3.2.2 (a) and Figure 4.3.2.3 (a) 

for position of frames)  confirm that the NBE mostly originates from n-AlGaN NW section, whereas 
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the broad emission at lower energy visible in macro-PL spectra stems from both GaN NW templates 

and p-AlGaN NW section. As expected, the contribution of the latter is much broader than the one of 

templates, as supported by Figure 4.3.2.2 (d) and Figure 4.3.2.3 (d). Similarly to the assignment made 

for macro-PL data of Figure 4.3.1.1, the several peaks observed at various emission energies within 

the NBE range in Figure 4.3.2.3 (d) are also attributed to compositional inhomogeneity within the 

AlGaN alloy. When comparing our experimental emission energies for both the NBE peak and the 

Mg-related transition to those calculated from bowing-like relationship (bowing parameter 𝑏=1) and 

from the average emission energy values of Si-related and Mg-related transitions reported for GaN and 

AlN binaries, it appears that our PL and CL data are consistent with transitions involving the shallow 

Si donor and the AlGaN valence band for the NBE emission, and transitions between a deep level and 

a shallower acceptor level related to Mg for the broad emission at lower emission energy. Indeed, in 

the case of the NBE emission, the shallow donor transition is commonly observed around 3.471 eV for 

GaN and 6.016 eV for AlN (values for bulk taken from Table 1.2.1.2 and similar for NWs, as seen in 

Subpart 2.3.1.2), which results in 4.128 eV for Al0.35Ga0.65N (using an average 𝑥 value of 0.347 

determined by XRD, for sample N2520), in very good agreement with CL data below and associated 

macro-PL data of Figure 4.3.1.1. As for the deeper and broader emission, a BL band related to the 

mentioned deep level/Mg-acceptor transition has been reported around 2.8 eV for GaN, widely for 

films [134, 507, 508] and more rarely for nanostructures [509-511], whereas a similar transition for 

AlN has been observed around 4.7 eV in both 2D layers [128, 380] and NWs [376]. It then results in 

3.233 eV for Al0.35Ga0.65N (sample N2520), consistently with CL data below and associated macro-PL 

data of Figure 4.3.1.1.  

Performing the same calculation for other samples leads to 4.687 eV and 3.646 eV, respectively for 

Al0.6Ga0.4N NBE and deeper emission (XRD average 𝑥 value: 0.574, for sample N2551), and to 4.057 

eV for Al0.75Ga0.25N deep emission (XRD average 𝑥 value: 0.758, for sample N2569). The latter 

calculated emission energy values are consistent on the whole with the experimental ones in view of 

macro-PL data of Figure 4.3.1.2. It can be seen that the difference between the experimental and 

theoretical values for the Al-richest sample (N2569) is higher than for other samples, which can be 

explained by the more significant Stokes shift expected at higher Al content (see Subpart 3.2.1). It 

must be also noted that the emission energy and width of the Mg-related deep transition for GaN and 

AlN binaries can vary from one report to another, increasing the calculation error bar. 

The origin of this Mg-related transition is still under debate, particularly in GaN for which reports 

investigating the latter transition are much more numerous. Indeed, the BL band has been attributed 

for long to a DAP transition between a deep donor level related to VN and a shallower acceptor level 

corresponding to substitutional Mg, for both GaN [134, 512] and AlN [128, 380, 467], but more recent 

theoretical and experimental reports on GaN tend to refute this assignment and assign the donor level 

of the DAP transition to an H-related complex [507, 508]. The latter assumption is supported not only 
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by the fact that almost no reports on GaN grown by MBE exhibit the BL band but also by annealing 

studies, according to which this band is greatly enhanced by hydrogen plasma treatment [513]. 

Consequently, it is compatible with our mere Raman results exhibiting Mg-H modes but not with our 

entire set of data, since no significant shifts with excitation power specific to deep DAP transitions 

were observed in power-dependent macro-PL. Interestingly, recent calculations attribute the BL band 

in GaN (2.70 eV) to transition from conduction band to MgGa and predict the equivalent transition for 

AlN at 4.77 eV [456], which would be consistent with our whole set of data.    

 

 

Figure 4.3.2.2: (a) STEM-HAADF image of the investigated bunch of dispersed Al0.35Ga0.65N NW pn junctions 

(sample N2518). The three colored frames numbered from 0 to 2 correspond to the p-AlGaN part (light blue), the n-

AlGaN region (red), and the n-doped GaN template (green), respectively. (b) Associated panchromatic map, 

exhibiting dominant emission over the 310-320 nm wavelength range (around red frame n°1 corresponding to the n-

part). (c) Color filtered image, depending on the CL emission wavelength: the blue color corresponds to emission over 

the 310-320 nm range whereas the red one is associated with 352-361 nm emission. (d) CL spectra corresponding to 

the three frames displayed in (a) and (b). 
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Figure 4.3.2.3: (a) STEM-HAADF image of the investigated bunch of dispersed Al0.35Ga0.65N NW pn junctions 

(sample N2520). The five colored frames numbered from 0 to 4 correspond to the n-doped GaN NW template (light 

blue), the n-AlGaN part (red, green, blue), and the p-AlGaN region (black), respectively. (b) Associated panchromatic 

map, highlighting emission for the pn junctions (around frames n°1-3 and black frame n°4, respectively 

corresponding to the n-part and p-part). (c) Color filtered image, depending on the CL emission wavelength: the blue 

color corresponds to emission over the 377-389 nm range, the red one to 301-333 nm, whereas the green one is 

associated with 358-362 nm emission. Each color is normalized to its maximum intensity here. (d) CL spectra 

corresponding to the five frames displayed in (a) and (b). 

 

NanoCL experiments were then performed on single dispersed AlGaN NW pn junctions. Figure 

4.3.2.4 and Figure 4.3.2.5 show the results obtained for axial CL scans performed along two 

Al0.35Ga0.65N NW pn junction samples (respectively for samples N2518 and N2520). The second 

figure displays an axial CL scan more spatially resolved than the one provided in the first one. Both 

scans highlight the transition from the GaN NW templates to the AlGaN pn junction which is quite 

abrupt in view of CL spectra recorded along the NW growth axis provided in Figure 4.3.2.5 (e). 

Similarly to previous observations, several peaks at various emission energies are obtained within the 

AlGaN NBE range and attributed to variation in Al composition in the alloy. 
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Figure 4.3.2.4: (a) STEM-HAADF image of a dispersed Al0.35Ga0.65N NW pn junction (sample N2518). The NW top is 

broken. (b) Associated panchromatic map, exhibiting emission over the 306-345 nm wavelength range. The seven 

colored frames numbered from 0 to 6 correspond to the transition from the n-GaN template (light blue, red, green) to 

the n-AlGaN part (blue, black, purple, orange). (c) Associated panchromatic map, exhibiting emission over the 348-

364 nm wavelength range.  (d) CL spectra corresponding to the seven frames displayed in (b) and (c). 
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Figure 4.3.2.5: More spatially resolved analysis of the transition between n-GaN template and the Al0.35Ga0.65N pn 

junction (only n-part investigated here, sample N2520). (a) STEM-BF image of investigated NW regions. (b) 

Corresponding STEM-HAADF image. (c) Associated color filtered image, depending on the CL emission wavelength: 

the blue color corresponds to emission over the 301-339 nm range, whereas the red one is associated with 342-366 nm 

emission. Each color is normalized to its maximum intensity here. (d) Associated panchromatic map, exhibiting NW 

luminescence from n-part. The numerous colored frames follow the transition from the n-GaN template to the n-

AlGaN part, as indicated by the white arrow.  (e) CL spectra corresponding to the frames displayed in (c). The black 

arrow corresponds to the white one displayed in (c). 
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In addition to macro-Raman results presented in Subpart 4.3.1, µ-Raman scans were performed, 

still in collaboration with Ana Cros’ group (Institute of material science, University of Valencia, 

Spain), along the NW axial direction of dispersed AlGaN NW pn junctions grown on GaN NW 

templates. Figure 4.3.2.6 and Figure 4.3.2.7 present each the µ-Raman data recorded every 0.5 µm for 

one Al0.35Ga0.65N NW pn junction and its GaN NW base (sample N2520). The spectra labeled in green 

in Figure 4.3.2.6 (c) & (d) and Figure 4.3.2.7 (c) & (d) correspond to the GaN NW template, those 

labeled in orange to the transition zone between GaN and n-AlGaN, and those labeled in purple to the 

pn junction. Regarding the latter, when moving from the n-part to the p-doped region, it can be first 

noticed that an intense and broad A1 (LO) GaN-like mode for AlGaN seems to arise from disorder 

around 800 cm
-1

 in both Figure 4.3.2.6 (c) and Figure 4.3.2.7 (c). Moreover, the mode around 710 cm
-1

 

attributed to silent mode B1 in Subpart 4.3.1 is absent in the GaN template, appears in the n-AlGaN 

section and gets more intense within the p-part, which supports our initial assumption. Finally, at 

lower frequencies, p-part globally exhibits more intense Raman signal, especially for the E2h GaN-like 

mode for AlGaN. By combining all these clues, we are able to distinguish between n- and p-AlGaN. 

Consequently, we have just shown that we can evidence a Raman signature for a NW pn junction 

using the µ-Raman technique. 

Interestingly, it must be noted that, when moving from n-part to p-part, the E2h GaN-like mode for 

AlGaN was observed to slightly red-shift (to shift towards lower phonon frequency), whereas the A1 

(TO) GaN-like mode for AlGaN rather tends to blue-shift very slightly, as visible in Figure 4.3.2.6 (e) 

and Figure 4.3.2.7 (e). Such observation cannot be related to the mere evolution of strain or Al 

composition along the NW pn junction axial direction, and remains unexplained for the time being. In 

addition, the evolution along the GaN NW template axis of the frequency of the A1(TO) GaN-like 

mode for AlGaN, corresponding here to the shouldering over the 540-550 cm
-1

 of the main A1(TO) 

mode peak for the GaN NW template at about 532-533 cm
-1

 (see Figure 4.3.2.6 (d) & (e) and Figure 

4.3.2.7 (d) & (e)), remains unclear as well but is probably related to the Al-shell partly wrapping the 

long GaN base. The latter base is quasi-relaxed at its bottom in view of the corresponding frequency 

value (see Table 2.3.3.1 giving phonon frequency values for relaxed binaries at 300 K) and 

progressively gets compressively strained by the shell as expected, since the main A1(TO) mode peak 

for GaN blue-shifts. 
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Figure 4.3.2.6: (a) Illustration of an Al0.35Ga0.65N NW pn junction (sample N2520) and µ-Raman scans performed 

along the NW growth axis (one scan every 0.5 µm). (b) Image of the investigated NW recorded with the Raman setup. 

(c) Raman spectra taken along the NW growth axis. Grey spectrum: graphite substrate (scan 0). Green spectra: GaN 

NW template (scan 1 to 3). Orange spectrum: GaN template & n-AlGaN bottom part (scan 4). Purple spectra: AlGaN 

NW pn junction (scan 5 to 7). (d) Zoom on (c) over the 500-600 cm-1 range. (e) Evolution of Raman shift along the NW 

growth axis for several modes: A1(TO) for GaN NW template,  A1(TO) GaN-like for AlGaN and E2h GaN-like for 

AlGaN. (f) Evolution of related Raman linewidth for these three modes. For all figures, the black arrow corresponds 

to the scan profile sketched in (a). 
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Figure 4.3.2.7: (a) Illustration of another Al0.35Ga0.65N NW pn junction (sample N2520) and µ-Raman scans 

performed along the axial direction (one scan every 0.5 µm). (b) Image of the investigated NW recorded with the 

Raman setup. (c) Raman spectra taken along the NW growth axis. Grey spectrum: graphite substrate (scan 0). Purple 

spectra: AlGaN NW pn junction (scan 1 to 3). Orange spectrum: GaN template & n-AlGaN bottom part (scan 4). 

Green spectrum: GaN NW template (scan 5). (d) Zoom on (c) over the 500-600 cm-1 range. (e) Evolution of Raman 

shift along the NW growth axis for several modes: A1(TO) for GaN NW template,  A1(TO) GaN-like for AlGaN and 

E2h GaN-like for AlGaN. (f) Evolution of related Raman linewidth for these three modes. For all figures, the black 

arrow corresponds to the scan profile sketched in (a). 
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4.4 Additional discussion, conclusion and prospects of the chapter 

 

In summary, AlGaN NW pn junctions doped using Si (n-part) and Mg (p-part) dopants, as well as 

references, were synthesized for various AlN molar fractions, varying from 0.35 to 0.75.  

Structural characterization first highlighted specific signature of dopant incorporation within AlGaN 

NW sections. First, clear enlargement at low enough growth temperature of the p-doped NW tops and 

pits in axial composition profiles at the pn junction interface were revealed through electron 

microscopy techniques. Second, pn junctions were electrically evidenced using the KPFM variant of 

AFM structural characterization technique. 

Optical characterization of doped samples also gave concluding information about dopant activation in 

AlGaN NW pn junctions, especially for Mg atoms. PL experiments first confirmed that the latter 

atoms are incorporated, since Mg-related transitions were observed at lower emission energies than the 

AlGaN NBE, which was further confirmed by nanoCL analysis showing specific optical signature for 

each part of pn junctions. The latter contrast in optical behavior between n- and p-parts was also 

evidenced by µ-Raman data recorded along the axial direction of investigated AlGaN NW pn 

junctions. Electrically, the latter are active, in view of KPFM results, but not entirely, given that 

macro-Raman experiments exhibited Mg-H modes indicating a passivation of some Mg dopants by 

hydrogen species that were residually present during growth in the MBE chamber. Post-growth 

annealing at several temperatures under N2 atmosphere was then performed in order to enhance dopant 

activation but the first results for annealed samples were not conclusive. The whole combination of 

presented experiments will be performed soon on AlGaN NW pn junctions Al-richer than 

Al0.35Ga0.65N in order to support our past observations, while additional annealing tries will be carried 

out to fully dissociate Mg-H complexes. In addition, extra optical characterization experiments must 

be performed in order to determine the origin of the Mg-related peak at lower energy and potentially 

estimate ionization energy of Mg dopants for various Al content. 

Concomitantly, AlN NW pn junctions were also investigated and presented interesting features, 

especially in terms of morphology. Indeed, deep hollow cores were first observed in NWs and 

assigned to Mg doping performed at low enough growth temperature. Second, at higher substrate 

temperatures, the NW top morphology switched from the usual hexagonal shape to a star-like shape 

exhibiting 12 facets. This change from convex to concave shapes is a signature of growth carried out 

in conditions very far from thermodynamical equilibrium. In contrast to investigated AlGaN samples, 

Raman experiments did not highlight any Mg-H complexes in AlN pn junctions grown under similar 

conditions than their AlGaN counterparts, meaning that either Mg incorporation was significantly 

lower or Mg-H complexes did not form during growth. In view of residual impurity levels and C-H 

modes observed in Raman, the first assumption is more likely. Additional optical characterization of 
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AlN NW pn junctions (CL or PL with laser emitting at low enough wavelength) is firstly required to 

go further and will be performed in a near future. Then, depending on the observed Mg-related optical 

signature, the next growth run recipes will have to be adjusted accordingly. 
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General conclusion and prospects 

 

The objective of the work presented in this manuscript was to investigate the fundamental 

properties of NID and doped AlGaN NW sections grown on top of GaN NW templates. To do so, 

nanostructures were elaborated by PA-MBE and analyzed using a combination of structural and 

optical characterization techniques, both at macro- and micro/nano-scales. 

 

 

Investigation of carrier localization in AlxGa1-xN nanowires 

 

In chapter 3, the structural characterization of AlGaN NWs first evidenced a growth mechanism of 

AlGaN NWs governed by kinetics, supporting the growth model previously reported [139, 321, 322]. 

A compromise on the growth kinetic parameters fixing the average AlN molar fraction, namely the 

growth temperature and the metallic fluxes, had to be adopted to reduce the length of Al-richer 

sections preferentially nucleating on top of GaN NW templates. The full comprehension of their 

formation remains obscure: additional work including atomistic simulations is needed to go further. 

It was then shown that NWs provide an ideal tool for studying basic optical properties of tiny 

amounts of III-nitride alloys free of extended defects such as grain boundaries or dislocations. In the 

present case, it was demonstrated, through HBT and power-dependent µ-PL experiments that the 

carrier localization centers highlighted in µ-PL exhibit QD-like behavior [417] and result from 

compositional fluctuations in AlGaN NW sections. This behavior was observed in AlGaN NWs for a 

wide range of values of growth temperatures and metallic fluxes. Our results are consistent with the 

spontaneous formation of small Ga-richer regions shown, using a combination of CW-PL and TRPL 

analysis, to share similar µ-optical properties over a given emission wavelength range, whatever the 

growth conditions explored in this study. Such regions exhibiting the single-photon emission character 

are present at very small scale, as signs of their existence were also evidenced in thin AlGaN QDisks 

embedded in AlN NWs.  

More generally, this research emphasizes the potential of NWs for studying basic µ-optical 

properties of alloys, opening a path to its application to other III-V or II-VI alloy materials. To our 

knowledge, similar combination of µ-optical characterization techniques including HBT experiments 

has been only used so far on well-defined quantum structures, such as single InGaN QDs in NWs 

[514, 515], as well as self-assembled objects bigger and better-defined than the Ga-richer regions in 

our AlGaN NWs, as reported for AlGaAs clusters [516]. We could go even further by correlating HBT 
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experiments with structural information in a CL setup, as successfully demonstrated for simpler 

objects recently [517, 518]. Another way to deepen this study would be to perform a combination of 

atom probe tomography (APT) experiments and simulations to derive the associated electronic 

structure, as reported for random AlGaAs clusters likely bigger than our self-assembled AlGaN QDs 

[519]. However, it has to be considered that we might be limited by the spatial resolution of the APT 

technique, in view of the expected size of our QD-like centers. 

 

 

Study of AlxGa1-xN nanowire pn junctions 

 

In chapter 4, signatures specific to dopant incorporation, particularly Mg atoms, within AlGaN 

NWs were highlighted, over certain ranges of growth kinetic parameter values, through basic 

structural characterization. First, NWs noticeably broaden upon significant doping concentration, 

especially for p-doped section, which is attributed to the segregation of dopants near the NW surface. 

Second, the Al composition abruptly varies at the interface between n- and p-parts in AlGaN NW pn 

junctions, which is assigned to Mg surfactant effect favoring Al incorporation at the expense of Ga 

and preferential formation of substitutional Mg on Ga sites. Incorporated dopants were then 

demonstrated to be at least partly active through the KPFM variant of structural AFM technique. 

Indeed, using the latter technique, pn junctions were electrically evidenced. 

Optical characterization of doped samples first confirmed that dopants, particularly Mg, are 

incorporated in AlGaN NW pn junctions, since Mg-related transitions were highlighted in PL at lower 

emission energies than the AlGaN NBE. The previous observation was further confirmed by nanoCL 

analysis showing specific optical signature for each part of pn junctions. An optical contrast between 

n- and p-parts was also evidenced by µ-Raman experiments performed along the growth axis of 

AlGaN NW pn junctions. Macro-Raman experiments exhibited Mg-H modes which indicate a 

passivation of some Mg dopants by residual hydrogen species during growth, meaning that junctions 

are not fully electrically active. To deal with the latter issue, post-growth annealing was performed in 

order to dissociate Mg-H complexes but the first results were not conclusive.  

Concomitantly, AlN NW pn junctions were also examined and exhibited interesting 

morphological features. Indeed, deep hollow cores were observed in NWs and attributed to Mg doping 

performed at low growth temperature. When increasing substrate temperatures, these hollow cores 

disappear, while the NW top morphology was observed to switch from 6-fold hexagonal to star-like 

shape exhibiting 12 facets, emphasizing growth performed in conditions very far from 

thermodynamical equilibrium. In contrast to AlGaN samples, Raman analysis did not highlight any 
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Mg-H complexes in AlN pn junctions grown under similar conditions than their AlGaN counterparts. 

Therefore, it can be deduced that either Mg incorporation was significantly lower or Mg-H complexes 

did not form during growth. In view of residual impurity levels and C-H modes observed in Raman, 

the first assumption is more likely. Other performed optical characterization experiments have not 

revealed Mg-related transition so far. 

More generally, this study highlights the potential of an original combination of various structural 

and optical characterization techniques to investigate pn junctions of very small dimensions such as 

those grown in self-induced NWs by PA-MBE. Such combination will be notably complemented by 

other methods allowing more quantitative assessment of junction electrical properties, such as direct 

transport and field effect transport (FET) measurements on contacted doped NWs, electron beam-

induced current (EBIC) analysis on such NWs, and higher resolution EDX experiments. The use of 

latter techniques was successfully initiated on Si-doped GaN NWs [425, 493], Mg-doped GaN NWs 

[493] or GaN NW pn junctions grown by PA-MBE [493], depending on the technique, and will be 

extended to their AlxGa1-xN counterparts. 
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Annexes 

 

Annex 1: Crystallography in hexagonal systems 

 

Annex 1.1 Miller notations for hexagonal structures 

 

For cubic systems, the different permutations of the  (ℎ𝑘𝑙) Miller indices describe the whole 

family of symmetrically equivalent planes. Nevertheless, these indices are not convenient for 

hexagonal structures and a fourth index 𝑖 defined as 𝑖 =  −ℎ −  𝑘 must be introduced to fix the issue. 

A thorough description of the hexagonal crystal can then be made by using the Bravais-Miller four-

index notation (ℎ𝑘𝑖𝑙). Indeed, when permuting the 3 indices ℎ, 𝑘, and 𝑖, we describe the whole family 

of equivalent planes. For instance, the 𝑐-plane (0001) illustrated in Figure A.1.1.1 has no symmetric 

equivalent, whereas the 𝑚-plane (11̅00) has five equivalents: (101̅0), (1̅100), (1̅010), (011̅0) and 

(01̅10). Similarly, the 𝑎-plane (112̅0) has also five equivalents.  

 

Figure A.1.1.1: (a) Direct and reciprocal space vectors for hexagonal structures. (b) Most common planes in such 

structures. Taken from [103]. 

Planes in hexagonal systems can be either expressed using the three-index or the four-index notation. 

The relations between the two notations are the following: 
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(ℎ𝑘𝑖𝑙) → (ℎ, 𝑘, 𝑙) 

(𝑥𝑦𝑧) → (𝑥, 𝑦, −𝑥 − 𝑦, 𝑧) 

 

(A.1.1.1) 

Regarding the description of directions, the four-index notation must be taken with caution. Indeed, h, 

k, i, and l are indeed given in the referential defined by the four basis vectors (𝑎⃗1, 𝑎⃗2, 𝑎⃗3, 𝑐) shown in 

Figure A.1.1.1. The latter are not independent, since [520]: 

  

∀ (𝑖, 𝑗) ∈ [1,3] × [1,3] & 𝑖 ≠ 𝑗, 𝑎⃗𝑖. 𝑎⃗𝑗 = ‖𝑎⃗𝑖‖‖𝑎⃗𝑗‖cos (±120°) ≠ 0 

𝑎⃗3 = −𝑎⃗1 − 𝑎⃗2 

 

(A.1.1.2) 

Consequently, the relations between the three- and the four-index notation are not as straightforward 

as for planes [520]: 

 [𝑡𝑢𝑣𝑤] → [𝑡 − 𝑣, 𝑢 − 𝑣, 𝑤] 

[𝑥𝑦𝑧] → [
2𝑥 − 𝑦

3
,
−𝑥 + 2𝑦

3
,
−𝑥 − 𝑦

3
, 𝑧] 

 

(A.1.1.3) 

The conversion between three-index and four-index directions can be better seen in Figure A.1.1.2. 

 

Figure A.1.1.2: Representation of the equivalence between three- and four- index notations for some directions of the 

hexagonal structure. Taken from [521]. 

The reciprocal space vectors (𝑎⃗1
∗, 𝑎⃗2

∗ , 𝑐∗) are also displayed in Figure A.1.1.1. The basal reciprocal 

space vectors 𝑎⃗1
∗ and 𝑎⃗2

∗  are rotated of 30° compared to 𝑎⃗1 and 𝑎⃗2 counterclockwise and clockwise, 

respectively. They therefore form an angle equal to 60° and are perpendicular to 𝑐∗. Norms of the 

reciprocal space vectors are:  

  

‖𝑎⃗1
∗‖ = ‖𝑎⃗2

∗‖ =
2

𝑎√3
 

 

 

(A.1.1.4) 
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‖𝑐∗‖ =
1

𝑐
 

By definition of Miller indices, the reciprocal space vector 𝑄⃗⃗ = ℎ𝑎⃗1
∗ +  𝑘𝑎⃗2

∗ + 𝑙 𝑐∗ is perpendicular to 

the plane (ℎ𝑘𝑖𝑙) which intersects the real space vectors (𝑎⃗1, 𝑎⃗2, 𝑐)  at (1/ℎ, 1/𝑘, 1/𝑙). However, it 

must be noted that in the hexagonal structure, the real space vector 𝑅⃗⃗ = ℎ𝑎⃗1 + 𝑘𝑎⃗2 + 𝑙𝑐 is not 

perpendicular to the plane (ℎ𝑘𝑖𝑙), except in a few special cases but 𝑅′⃗⃗⃗⃗ = ℎ𝑎⃗1 + 𝑘𝑎⃗2 +
3

2

𝑎2

𝑐2
𝑙𝑐 is. 

 

Annex 1.2 Characteristic distances and angles in the hexagonal symmetry 

 

In this symmetry, the expression of the interplanar distance between 2 planes of the {ℎ𝑘𝑖𝑙} family 

is: 

  

𝑑(ℎ𝑘𝑙) =
1

√ 4
3𝑎2

(ℎ2 + 𝑘2 + ℎ𝑘) +
𝑙2

𝑐2

 

 

(A.1.2.1) 

The angle 𝛼 between two planes (ℎ𝑘𝑖𝑙) and (ℎ′𝑘′𝑖′𝑙′) is given by: 

  

cos(𝛼) =
ℎℎ′ + 𝑘𝑘′ +

1
2
(ℎ𝑘′ + ℎ′𝑘) +

3𝑎2

4𝑐2
𝑙𝑙′

√(ℎ2 + 𝑘2 + ℎ𝑘 +
3𝑎2

4𝑐2
𝑙²)((ℎ′2 + 𝑘′2 + ℎ′𝑘′ +

3𝑎2

4𝑐2
𝑙′2)

 

 

(A.1.2.2) 

Table A.1.2.1 gives the values of some angles between the c-plane family and other planes frequently 

described in the literature about WZ nitrides and/or probed during XRD experiments. 

  Family planes 

  {11̅00} 

m-plane 

{112̅0} 

a-plane 

{11̅02} 

r-plane 

{112̅2} {112̅2̅} {101̅3} {101̅4} 

 

{101̅5} 

 

{112̅4} 

 

c-

plane 

GaN 

(0001)  90° 90° 43.2° 58.4° 121.6° 32.0° 25.1° 20.6° 39.1° 

(0001̅) 90° 90° 136.8° 121.6° 58.4° 148.0° 154.9° 159.4° 140.9° 

c-

plane 

AlN 

(0001)  90° 90° 42.7° 58.0° 122.0° 31.6° 24.8° 20.3° 38.7° 

(0001̅) 90° 90° 137.3° 122.0° 58.0° 148.4° 155.2° 159.7° 141.3° 

 

Table A.1.2.1: Angles (unit: degrees) between the c-plane family and other planes. 



 Annex 1: Crystallography in hexagonal systems 

 

 206 
 

Annex 1.3 Hexagonal cell reduction   

 

When performing structural characterization experiments, like resonant XRD presented in Annex 

2, on samples made of several materials having different atomic arrangements (hexagonal and cubic), 

it can be convenient to normalize everything in the same reduced cell. For instance, in the case of our 

WZ nitride NWs grown on diamond Si (111) substrates, everything was expressed in the reduced Si 

cell to ease acquisition and processing of our anomalous XRD data. 

To do so, the ZB and diamond structures can be described by a hexagonal unit cell. Figure A.1.3.1 

shows how we build the hexagonal framework from the cubic one. Lattice parameters of the reduced 

hexagonal cell can be then expressed as 𝑎ℎ𝑒𝑥 = 𝑎√2/2 and 𝑐ℎ𝑒𝑥 = 𝑎√3. With 𝑎𝑆𝑖 = 5.431 Å, we 

obtain 𝑎𝑆𝑖
ℎ𝑒𝑥 = 3.840 Å and 𝑐𝑆𝑖

ℎ𝑒𝑥 = 9.408 Å. 

 

 

Figure A.1.3.1: (a) Diamond cell structure for Si. (b) Atomic arrangement in the (111) plane highlighted. The latter 

serves as a basis for the definition of the hexagonal framework. 

Vectors 𝑢⃗⃗𝐻 = (ℎ, 𝑘, 𝑖, 𝑙) in the four-index notation of the hexagonal framework can be obtained from: 

  

𝑣⃗ = (𝑣1, 𝑣2, 𝑣3) = 𝑀𝑢⃗⃗𝐶   

 

(A.1.3.1) 

where: 

  𝑢⃗⃗𝐶 is the vector expressed in the cubic framework 

 𝑀 = (

−
1

2

1

2
0

0 −
1

2

1

2

1 1 1

) 

 Once calculated, 𝑣⃗ must be normalized to its smallest integer. 

Then, ℎ = 𝑣1, 𝑘 = 𝑣2, 𝑖 = −𝑣1 − 𝑣2 and 𝑙 = 𝑣3. 
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Annex 2: Resonant (anomalous) X-ray diffraction  

 

Annex 2.0: Introduction to anomalous X-ray diffraction. 

 

Experiments were performed under the supervision of Hubert Renevier (LMGP, Grenoble) on the 

BM02 beam line of the European Synchrotron Radiation Facility (ESRF) of Grenoble. The 

synchrotron facility provides a very brilliant radiation, particularly suitable for the investigation of 

nanostructures. In addition, the possibility to tune the energy of the incident X-ray beam around one of 

the absorption edges of selected (resonant) atoms allows one to enhance the scattering from the latter 

atoms and to solve experimentally the crystallographic phase problem [352]. The aim of this subpart is 

to briefly introduce some of the advanced techniques based on resonant XRD carried out at ESRF to 

deepen our knowledge of AlGaN NW structural properties:  

 Diffraction anomalous fine structure (DAFS).  

 Multi-wavelength anomalous diffraction (MAD).  

The MAD technique allows one to extract the scattering amplitudes of resonant and non-resonant 

atoms, and therefore to perform chemical mapping in the reciprocal space, while carrying out DAFS 

spectroscopy in the near-absorption edge spectral range and in the extended fine structure region can 

provide information about the electronic states (valence, empty orbitals, bonding information, etc.) and 

about the local atomic environment (neighboring species, coordinence numbers, bond length, bond 

disorders, etc.), respectively, of anomalous atoms selected by the diffraction condition, similarly to X-

ray absorption fine structure (XAFS) spectroscopy. In contrast to the latter technique, DAFS provides 

not only both the advantages of XRD and absorption, but is also simultaneously a site and chemically 

selective probe. For instance, in the case of samples in which different local environments coexist, 

XAFS spectroscopy may fail to give pertinent information since, due to the lack of spatial selectivity, 

all the different environments are probed, whereas the DAFS technique allows the selection of 

individual sites and may consequently help to overcome this issue.  

Knowing that XRD is a powerful tool for measuring strain fields, the combination of both MAD, 

adding chemical sensitivity to XRD, and DAFS, determining the local environment of atoms located 

in an iso-strain volume, therefore allows one to better disentangle strain and composition, similarly to 

previous reports [522].  

In addition, the use of the mere DAFS technique can provide other information such as: 

- The crystallographic polarity for WZ structure, as already shown for GaN NWs [117, 118] and 

ZnO NWs [523]. The determination of the latter is based on the breakdown of Friedel’s law 
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(stating 𝐼(ℎ𝑘𝑙) = 𝐼(ℎ̅𝑘̅𝑙)̅) in the case of a non-centrosymmetric crystal structure such as WZ, 

when tuning the incident X-ray beam energy close to an atom absorption edge.  Indeed, a 

disparity in the diffracted intensity of Bijvoet’s pairs of reflections (i.e. pairs that are 

symmetry-related, including the additional inversion center) can be observed at the absorption 

edge. 

- The average composition in the case of WZ alloys, simultaneously determined with polarity.  

 At last, it must not be forgotten that resonant XRD is a non-destructive method that averages over 

many individual nanostructures and thus gives relevant statistics.  

Regarding our experiments, DAFS data was recorded with a recent 2D detector (from Xpad) over 

a 10-11 keV range including the Ga K-edge (10.368 keV) for a whole series of as-grown AlGaN NW 

samples grown in various conditions, mostly in order to probe for short-range order, namely down to 

the scale of the next nearest neighbors of the resonant Ga atoms, within the AlGaN alloy as a function 

of its growth kinetic parameters (temperature and metallic fluxes setting the Al composition). The 

specificities of this sample series will be provided in Annex 2.4, while experimental conditions will be 

more detailed in the following subparts presenting experimental results. 

Concomitantly, MAD was performed by recording RSMs, for a few samples of the series and a few 

reflections investigated through DAFS, at a dozen of different beam energies around the Ga K-edge 

(with the same detector as DAFS). We can then recover both the Ga and the Al+N scattering 

contributions corresponding to the resonant atoms and the non-resonant atoms, respectively, so that 

strain and composition of our AlGaN NWs can be better disentangled. 

The processing of DAFS data over the extended fine structure region, namely extended DAFS 

(EDAFS) oscillations (visible in spectra above the edge), as well as MAD data is time-consuming and 

still remains to be accomplished. In the following, results extracted from DAFS data will be presented: 

the polarity of our AlGaN NW samples will be determined together with the average Al composition 

within the alloy in Annex 2.5, before preliminarily providing in Annex 2.6 normalized EDAFS data 

which will be quantitatively assessed in a near future. Analyzing resonant-XRD data first requires 

being familiar with its formalism: Annex 2.1 presents the basics, Annex 2.2 subsequently provides the 

formalism required for determining simultaneously the polarity of AlGaN and its average Al 

composition and Annex 2.3 finally presents briefly the formalism needed for the preliminary insight of 

the extended fine structure analysis.  
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Annex 2.1: Basics of resonant X-ray diffraction formalism 

 

Let us introduce some notions required to analyze resonant diffraction experimental data 

quantitatively. First, the atomic scattering factor 𝑓(𝑄⃗⃗, 𝐸), which is generally noted and expressed as: 

  

𝑓(𝑄⃗⃗, 𝐸) = 𝑓(𝑄, 𝐸) = 𝑓0(𝑄) + 𝑓′(𝐸) + 𝑖𝑓′′( 𝐸) 

 

(A.2.1.1) 

with: 

  𝑄⃗⃗ = 𝑘⃗⃗′ − 𝑘⃗⃗ the scattering vector, 𝑘⃗⃗ and 𝑘⃗⃗′ being the incident and outgoing wavevectors, 

respectively, and 𝑄 = ‖𝑄⃗⃗‖ is the norm of  𝑄⃗⃗. 

 𝐸 the energy of the incident X-ray beam. 

 𝑓0(𝑄) the Thomson scattering term representing the elastic diffusion. It does not depend on 

the beam energy and is actually obtained by the Fourier transform of the electronic density in 

the atom. In addition, it constitutes the non-resonant term of the atomic scattering factor. 

 𝑓′(𝐸) + 𝑖𝑓′′( 𝐸) representing the resonant scattering. More specifically, 𝑓′(𝐸) is related to 

dispersion and 𝑖𝑓′′( 𝐸) is related to absorption. The magnitude of this resonant contribution 

depends on the chemical nature of the scattering atom and becomes significant when the 

photon energy is close to one of the absorption edges of this atom.  

Second, in an ideal case, the total structure factor can be expressed, by summing the scattering 

contributions of all atoms (number 𝑁𝑎𝑙𝑙) present in the lattice, as:  

  

𝐹(𝑄⃗⃗, 𝐸) = ∑ 𝑓𝑛(𝑄, 𝐸)𝑒
𝑖𝑄⃗⃗.𝑟𝑛

𝑁𝑎𝑙𝑙

𝑠𝑖𝑡𝑒 𝑛

 

 

(A.2.1.2) 

with: 

 𝑓𝑛(𝑄, 𝐸) the scattering factor of the  𝑛𝑡ℎ atom site in the lattice. 

 𝑟𝑛 the position vector of the  𝑚𝑡ℎ atom site in the lattice. 

 Size or thermal effects can be also considered through correction factors, such as the Debye-Waller 

factor which takes into account the diffracted intensity attenuation due to thermal effects. Its 

expression is of the following form, for the atom on the n
th
 site, with 𝑀𝑛 a constant and 𝑄⃗⃗ the 

scattering vector: 

  

𝐷𝑊𝐹𝑛(𝑄⃗⃗) = 𝑒
−𝑀𝑛×‖𝑄⃗⃗‖

2

 

 

(A.2.1.3) 
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so that the total structure factor expression can be written, based on Equation (A.2.1.2):  

  

𝐹(𝑄⃗⃗, 𝐸) = ∑ 𝑓𝑛(𝑄, 𝐸)𝑒
−𝑀𝑛×𝑄

2
𝑒𝑖𝑄⃗⃗.𝑟𝑛

𝑁𝑎𝑙𝑙 

𝑠𝑖𝑡𝑒 𝑛

 

 

(A.2.1.4) 

Then, the expression of measured diffracted intensity 𝐼 can be derived. Indeed, it is proportional to 

|𝐹 |2  and can be written: 

  

𝐼(𝑄⃗⃗, 𝐸) = 𝑆 × 𝐷(𝐸) × 𝐶(𝐸) × 𝐴(𝑄⃗⃗, 𝐸) × 𝐿(𝑄⃗⃗, 𝐸) × 𝑃(𝑄⃗⃗, 𝐸) × |𝐹(𝑄⃗⃗, 𝐸) |
2
 

 

(A.2.1.5) 

where: 

 𝑆 is a scaling factor. 

 𝐷 takes into account the detector efficiency over the investigated energy range. Its expression 

is usually of the form: 

  

𝐷(𝐸) = 1 + 𝑠𝑙𝑜𝑝𝑒 × (𝐸 − 𝐸𝑒𝑑𝑔𝑒) 

 

(A.2.1.6) 

 as it was for the former 1D detector used for previous DAFS experiments.  

 𝐶 is a corrective term which had to be added to both better describe the new 2D detector 

instrumental response and take into account slight experimental drifts of the diffracted beam. 

Its expression is of the form: 

  

𝐶(𝐸, 𝛼) = (𝐸/𝐸𝑒𝑑𝑔𝑒)
𝛼 

 

(A.2.1.7) 

with 𝛼 a real exponent. This term will be briefly discussed hereafter in Annex 2.5. 

 𝐴 is an absorption correction term, taking into account the experimental geometry (in 

reflection here). Its expression is of the form: 

  

𝐴(𝐸) =
1 − 𝑒

−
2𝜇(𝐸)𝑡
sin(𝜃)

2𝜇(𝐸)
 

 

(A.2.1.8) 

with 𝜃 the incident angle, 𝑡 the equivalent layer thickness (or equivalent NW section length) 

and 𝜇(𝐸) the absorption coefficient for the investigated material.  

 𝐿 and 𝑃 are respectively the Lorentz and polarization correction terms. These terms mainly 

depend on the experimental configuration and can be easily determined [352]. Here, knowing 

that the polarization vectors of the incident and diffracted beams are perpendicular to the 

scattering plane, we have: 
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𝐿(𝐸) = (𝐸/𝐸𝑒𝑑𝑔𝑒)
3 

𝑃 = 1 

 

(A.2.1.9) 

 

Annex 2.2: DAFS formalism specific to the assessment of AlGaN polarity and average 

alloy composition 

 

Let us now develop the formalism related to the DAFS-based crystallographic polarity and AlN 

molar fraction determination. Using the description of the WZ nitride lattice given in Subpart 1.1.1 

and Equation (A.2.1.2), we can express the average total structure factor for AlxGa1-xN of average AlN 

molar fraction 𝑥, in terms of ℎ𝑘𝑙 indices (𝑄⃗⃗ and E omitted in the expression hereafter to lighten 

notations), as: 

  

𝐹(𝑄⃗⃗(ℎ𝑘𝑙), 𝐸) = 𝐹(ℎ𝑘𝑙) = 

= 𝑥 (𝑓𝐴𝑙𝑒
2𝑖𝜋(

1
3
ℎ+
2
3
𝑘)
+ 𝑓𝐴𝑙𝑒

2𝑖𝜋(
2
3
ℎ+
1
3
𝑘+
1
2
𝑙)
) + 

(1 − 𝑥) (𝑓𝐺𝑎𝑒
2𝑖𝜋(

1
3
ℎ+
2
3
𝑘) + 𝑓𝐺𝑎𝑒

2𝑖𝜋(
2
3
ℎ+
1
3
𝑘+
1
2
𝑙)) + 𝑓𝑁𝑒

2𝑖𝜋(
1
3
ℎ+
2
3
𝑘+𝑢𝑙)

+ 𝑓𝑁𝑒
2𝑖𝜋(

2
3
ℎ+
1
3
𝑘+(

1
2
+𝑢)𝑙)

 

 

 

 

(A.2.2.1) 

with 𝑢 =
3

8
 for a perfect WZ crystal. It must be noted that the previous expression is valid in the ideal 

case: terms taking size or thermal effects into account, such as the Debye-Waller factor, are not shown 

here in order to lighten the expressions but can be considered in software programs used to process the 

data. From Equation (A.2.2.1), we can then express the structural factor modulus squared |𝐹 |2  as 

(lightened notations): 

 |𝐹(ℎ𝑘𝑙) |2 = 

[(1 − 𝑥)2 𝑓𝐺𝑎𝑓𝐺𝑎
∗ + 𝑥2𝑓𝐴𝑙𝑓𝐴𝑙

∗ + 𝑓𝑁𝑓𝑁
∗ + 𝑥(1 − 𝑥)(𝑓𝐴𝑙𝑓𝐺𝑎

∗ + 𝑓𝐺𝑎𝑓𝐴𝑙
∗ )

+ (1 − 𝑥)(𝑓𝐺𝑎𝑓𝑁
∗𝑒2𝑖𝜋𝑢𝑙 + 𝑓𝑁𝑓𝐺𝑎

∗ 𝑒−2𝑖𝜋𝑢𝑙)

+ 𝑥(𝑓𝐴𝑙𝑓𝑁
∗𝑒2𝑖𝜋𝑢𝑙 + 𝑓𝑁𝑓𝐴𝑙

∗ 𝑒−2𝑖𝜋𝑢𝑙)]

× 2 [1 + cos (2𝜋 (
1

3
(ℎ − 𝑘) +

1

2
𝑙))]  

 

 

(A.2.2.2) 

so that we can write the intensity difference for a Bijvoet’s pair (notations lightened hereafter): 
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 𝐼( ℎ𝑘𝑙 ) − 𝐼( ℎ𝑘𝑙 ̅) ∝ (|𝐹( ℎ𝑘𝑙 ) |2 − |𝐹( ℎ𝑘𝑙 ̅) |
2
)

∝ [1 + cos (2𝜋 (
1

3
(ℎ − 𝑘) +

1

2
𝑙))]

× 8 [((1 − 𝑥)(𝑓𝐺𝑎
0 + 𝑓𝐺𝑎

′) + 𝑥(𝑓𝐴𝑙
0 + 𝑓𝐴𝑙

′))𝑓𝑁
′′

− (𝑓𝑁
0 + 𝑓𝑁

′)((1 − 𝑥)𝑓𝐺𝑎
′′ + 𝑥𝑓𝐴𝑙

′′)] sin (2𝜋𝑢𝑙) 

 

 

(A.2.2.3) 

The previous expression notably shows that this difference cancels out when 𝑙 = 4𝑛, 𝑛 being an 

integer. It also gets near 0 when exciting a sample over incident X-ray beam energy ranges which 

exclude any atom absorption edge. Indeed, all the 𝑓′ and 𝑓′′ terms would be small in this case and we 

would then retrieve Friedel’s law. In contrast, when exciting a sample at the Ga K-edge, the 𝑓′ and 𝑓′′ 

anomalous scattering factors for N and Al remain constant and small in comparison with those of Ga, 

as shown in Figure A.2.2.1 giving the tabulated 𝑓′ and 𝑓′′ factors for the three species over the 

investigated beam energy range [524]. Although these values of 𝑓′ and 𝑓′′ are tabulated, 𝑓′′ can be 

precisely experimentally determined through fluorescence measurements and 𝑓′ is then derived from 

𝑓′′ thanks to Kramers-Kronig relations, as shown further in Annex 2.5. The tabulated Thomson 

scattering factors 𝑓0 are also given for the three species in Figure A.2.2.2 so that the intensity 

difference for a Bijvoet’s pair can be directly calculated [524]. From Equation (A.2.2.3), the latter can 

be approximated, for a 𝑥 not too close to 1, by (lightened notations): 

  

|𝐹( ℎ𝑘𝑙 ) |2 − |𝐹( ℎ𝑘𝑙 ̅) |
2
≅ 

−8[1 + cos(2𝜋 (
1

3
(ℎ − 𝑘) +

1

2
𝑙))] 𝑓𝑁

0(1 − 𝑥)𝑓𝐺𝑎
′′ sin (2𝜋𝑢𝑙) 

 

 

(A.2.2.4) 

The latter expression directly shows that the intensity difference abruptly increases when going above 

the Ga-K absorption edge.  
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Figure A.2.2.1: Tabulated anomalous scattering factors 𝒇′ and 𝒇′′ over an incident X-ray beam energy range including 

the Ga-K edge, for: (a) Ga, (b) Al and (c) N. Adapted from [524]. 
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Figure A.2.2.2: Tabulated Thomson scattering factor 𝒇𝟎 as a function of 𝑸 for: (a) Ga, (b) Al and N. Adapted from 

[524]. 

Provided that fluorescence signal and absorption attenuation can be properly estimated, the DAFS 

measurement for one reflection among a well-chosen Bijvoet’s pair is sufficient to not only determine 

the AlGaN polarity but also to estimate/check the average AlN molar fraction 𝑥 in the alloy, as shown 

further in Annex 2.5 for all the investigated AlGaN NW samples presented in Annex 2.4. 

 

Annex 2.3: DAFS formalism peculiar to the extended fine structure analysis 

 

In this subpart, we will briefly introduce the formalism needed for a preliminary overview of the 

extended fine structure region analysis. The latter first requires a rewriting of the atomic scattering 

factor. Above the absorption edge, the latter for an anomalous Ga atom on the j
th
 site may be split into 

a “smooth” and an “oscillatory” part: 

  

𝑓𝐺𝑎,𝑗(𝑄, 𝐸) = 𝑓𝐺𝑎
0 (𝑄) + 𝑓𝐺𝑎,𝑗

′ ( 𝐸) + 𝑖𝑓𝐺𝑎,𝑗
′′ ( 𝐸)

= 𝑓𝐺𝑎
0 (𝑄) + 𝑓𝐺𝑎

0 ′(𝐸) + 𝑖𝑓𝐺𝑎
0′′( 𝐸) + ∆𝑓𝐺𝑎

0′′(𝐸)[𝜒𝑗
′(𝐸) + 𝑖𝜒𝑗

′′(𝐸)] 

 

 

(A.2.3.1) 

where: 

 𝑓𝐺𝑎,𝑗
′ ( 𝐸) = 𝑓𝐺𝑎

0 ′(𝐸) + ∆𝑓𝐺𝑎
0′′(𝐸)𝜒𝑗

′(𝐸) and 𝑓𝐺𝑎,𝑛
′′ ( 𝐸) = 𝑓𝐺𝑎

0′′( 𝐸) + ∆𝑓𝐺𝑎
0′′(𝐸)𝜒𝑗

′′(𝐸) are 

respectively the “smooth” and “oscillatory” parts of the anomalous atomic scattering factors. 

 𝑓𝐺𝑎
0  is the Thomson scattering of Ga resonant atoms. 𝑓𝐺𝑎

0 ′ + 𝑖𝑓𝐺𝑎
0′′ is the anomalous scattering 

of bare neutral atoms. 𝑓𝐺𝑎
0 + 𝑓𝐺𝑎

0 ′ + 𝑖𝑓𝐺𝑎
0′′ is the smooth atomic scattering factor. 

 ∆𝑓𝐺𝑎
0′′ is the contribution of the resonant scattering to 𝑓𝐺𝑎

0′′. 
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 𝜒𝑗
′(𝐸) + 𝑖𝜒𝑗

′′(𝐸) = 𝜒̃𝑗(𝐸) is the complex EDAFS term. 𝜒𝑗
′  and 𝜒𝑗

′′ are related by the Kramers-

Kronig transforms. It must be emphasized that, although DAFS contains contributions of both 

the real and imaginary parts of the complex anomalous scattering factors (XAFS is only 

proportional to the imaginary part), EDAFS data can be analyzed like extended XAFS 

(EXAFS) data [522, 525]. Indeed, 𝜒𝑗
′′ is related to the equivalent EXAFS 𝜒𝑗 term by the 

following equation:   

  

𝜒𝐸𝑋𝐴𝐹𝑆,𝑗(𝐸) = 𝐼𝑚𝜒̃𝑗(𝑄⃗⃗ = 0⃗⃗, 𝐸). 

 

(A.2.3.2) 

 

From Equation (A.2.1.2), the total structure factor can be then rewritten, with 𝑁𝐺𝑎 the number of 

anomalous Ga atoms: 

  

𝐹(𝑄⃗⃗, 𝐸)  = 𝐹0(𝑄⃗⃗, 𝐸) +
∆𝑓𝐺𝑎

0′′(𝐸)

𝑓𝐺𝑎
0 (𝑄)

 ∑ 𝐹𝑗(𝑄⃗⃗)[𝜒𝑗
′(𝐸) + 𝑖𝜒𝑗

′′(𝐸)]

 𝑁𝐺𝑎

 𝑗

 

 

(A.2.3.3) 

where: 

 𝐹0 = |𝐹0 |𝑒
𝑖𝜑0  is the total structure factor without the contribution of extended fine structure, 

in other words the smooth structure factor. We note 𝜑0 its phase. 

 𝐹𝑗 is the partial structure factor of an anomalous Ga atom on the j
th
 site. 

We can then derive the diffracted intensity 𝐼(𝑄⃗⃗, 𝐸) proportional to the modulus squared of the 

structure factor. The latter can be then approximated at the first-order by the following expression (𝑄⃗⃗ 

and E omitted in order to lighten notations): 

  

|𝐹 |2 ≅ |𝐹0 |
2 +

2|𝐹0||𝐹𝐺𝑎|∆𝑓𝐺𝑎
0′′

𝑓𝐺𝑎
0 𝜒𝑄 

 

(A.2.3.4) 

where 𝐹𝐺𝑎 = |𝐹𝐺𝑎|𝑒
𝑖𝜑𝐺𝑎 is the partial structure factor of all resonant Ga atoms (𝜑𝐺𝑎 being its phase) 

and 𝜒𝑄 is the first-order EDAFS term. The full expression of |𝐹(𝑄⃗⃗, 𝐸) |
2
 with the second-order terms, 

negligible in most cases, can be found in the literature [525]. Neglecting the latter terms, the first-order 

EDAFS 𝜒𝑄(𝑘) for a given scattering vector 𝑄⃗⃗ can be literally expressed in 𝑘-space (left term below) 

and extracted directly out of the experimental spectrum (right term below), as follows (lightened 

notations): 
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 𝜒𝑄(𝑘) = cos(𝜑0 − 𝜑𝐺𝑎) ∑ 𝑤𝑗
′𝜒𝑗
′

 𝑁𝐺𝑎

 𝑗

+ sin(𝜑0 − 𝜑𝐺𝑎) ∑ 𝑤𝑗
′′𝜒𝑗

′′

 𝑁𝐺𝑎

 𝑗

= 𝑆𝐷
𝐼𝑒𝑥𝑝 − 𝐼0,𝑒𝑥𝑝

𝐼0,𝑒𝑥𝑝
 

 

(A.2.3.5) 

where: 

 𝑘 is the photoelectron wave number, which is equal to:   

 
𝑘 = √2𝑚(𝐸 − 𝐸𝑒𝑑𝑔𝑒)/ℏ  

(A.2.3.6) 

where 𝑚 is the effective mass, ℏ is the reduced Planck constant, and 𝐸𝑒𝑑𝑔𝑒 is the absorption 

edge energy. 

 𝐼𝑒𝑥𝑝 is the experimental DAFS intensity corrected for the background intensity (mainly 

fluorescence). 

 𝐼0,𝑒𝑥𝑝 is the smooth DAFS intensity (without the EDAFS oscillations).  

 𝑆𝐷 is the DAFS normalization factor (𝑆𝐷 = 𝑓𝐺𝑎
0 |𝐹0|/(2|𝐹𝐺𝑎|∆𝑓𝐺𝑎

0′′)).   

 𝑤𝑗
′ and 𝑤𝑗

′′ are the crystallographic weights.  

Experimental 𝜒𝑄(𝑘) spectra will be provided in Annex 2.6 for examined AlGaN NW samples 

presented in Annex 2.4. The determination of normalization factor 𝑆𝐷 and the phase difference 

𝜑0 − 𝜑𝐴 does not require any crystallographic model and can be done directly from the experimental 

data. As for the crystallographic weights, they can be either calculated from the crystallographic 

structure, provided that the latter is known, or experimentally determined if the individual 𝜒𝑗
′(𝜒𝑗

′′) are 

known by fitting Equation (A.2.3.5) to the experimental 𝜒𝑄. It must be stressed that the 𝑤𝑗
′′ weights 

emphasize the site/spatial selectivity of the EDAFS technique, in contrast to EXAFS. Once all the 

required parameters are known, the 𝜒𝑗
′  and 𝜒𝑗

′′ terms carrying the extended fine structure information 

can be finally extracted for each anomalous Ga atom site by iteratively solving the linear system 

formed by the 𝜒𝑄(𝑘)  (see Equation (A.2.3.5)) at each wave number 𝑘 and using the Kramers-Kronig 

transforms as an additional constraint to relate 𝜒𝑗
′  and 𝜒𝑗

′′. 

At last, it must be noted that a peculiar formalism called the “path formalism” can be used to 

facilitate the extraction of short-range structural information from the extended fine structure region. 

This formalism is not detailed here since we do not present any quantitative analysis in Annex 2.6 but 

its full description can be found in previous reports [522, 525].  In a nutshell, it consists in writing the 

complex fine structure 𝜒̃𝑗 related to a given resonant Ga atom on the j
th

 site as an expansion over the 

scattering paths of the photoelectron around the absorbing atom. Doing so implies then to rewrite 

Equation (A.2.3.5) accordingly and allows one to ease the parametrization of the linear system 
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mentioned just above, to treat the EDAFS data as EXAFS data, as well as to avoid using the Kramers-

Kronig iterative method which is demanding in terms of calculation. 

 

Annex 2.4: Samples investigated by anomalous X-ray diffraction 

 

For our experimental needs, six samples, consisting of NID AlGaN NW sections on top of GaN 

NW templates, were grown by PA-MBE using the same protocol as described in Subpart 3.1, except 

that typical NW dimensions were different and specifically adapted to these ESRF experiments. 

Indeed, the GaN NW templates were first grown shorter (length inferior to 200 nm) in order to limit 

their fluorescence. Consequently, given that experiments were only performed on as-grown samples, 

the NW density had to be even more carefully controlled to avoid as much as possible parasitic Al-rich 

2D layers nucleating between GaN bases (see Subpart 2.1.4).  Second, AlGaN NW sections were short 

as well and chosen to be about 250 nm long, which is sufficient to obtain intense DAFS signal in view 

of the AlGaN-related scattering factors over the investigated beam energy range [524]. It must be also 

stressed that NWs were grown on a thin AlN buffer synthesized on a Si (111) buffer in order to 

improve NW orientation, similarly to those examined in chapter 3. 

From one sample to another, GaN NW templates were grown in similar conditions, whereas the 

nominal AlN molar fraction in the AlGaN alloy and its growth temperature were set:  

- At one among three different 𝑥 values for the molar fraction, either 𝑥 = 0.3 or  𝑥 = 0.5 or 𝑥 = 

0.75 (same atomic fluxes for a given composition).  

- At one of two distinct 𝑇𝑠𝑢𝑏𝑠 values for the growth temperature, either 𝑇𝑠𝑢𝑏𝑠 ≈ 860°C or 𝑇𝑠𝑢𝑏𝑠 

≈ 790°C corresponding to 𝑡𝑑𝑒𝑠
𝐺𝑎  ≈  10 s and 𝑡𝑑𝑒𝑠

𝐺𝑎  ≈ 60 s (also designated by higher temperature 

(HT) and lower temperature (LT) in the following), respectively.  

Table A.2.4.1 provides the AlGaN growth conditions for the six investigated samples, some structural 

parameters required for processing the data (notably to calculate the absorption coefficient), as well as 

the average AlN molar fraction values derived from experimental 𝑎 and 𝑐  lattice parameter values 

determined in two different ways. The first one was to measure these parameters by using the 

extended Bond method [355] in a standard diffractometer (see Subpart 2.2.2 for the method and 

laboratory setup details), whereas the second one consisted in deriving them from Bragg peak 

positions corresponding to AlGaN NW sections in RSMs recorded for several reflections (at least 112 

and 103) at the BM02 beam line of ESRF. In both cases, once the lattice parameters (averaged over 

the investigated reflections) were known, the average AlN molar fraction 𝑥 in our Al𝑥Ga1−𝑥N NW 

sections could be estimated by combining Vegard’s law with Equation (2.2.2.3) of Subpart 2.2.2 

linking the relaxed lattice parameters (taken from literature [13]) and the strained (experimental) ones, 
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similarly to previous reports [355]. The experimental lattice parameters determined from ESRF data 

are sketched further for all samples, in Figure A.2.4.3.  

It must be noted that the accuracy on the lattice parameter values extracted from ESRF data is 

expected to be higher than for those obtained on the standard laboratory setup with the extended Bond 

method. Indeed, the instrumental resolution, which can be notably adjusted by varying the sample-

detector distance (1.05 m for our experiments), and the signal-to-noise ratio are firstly much higher 

with the ERSF setup than with the standard laboratory diffractometer. Moreover, every ESRF data 

acquisition was performed in the reduced hexagonal cell of Si (presented in Annex 1.3) taken as 

reference, allowing a quasi-absolute determination of the lattice parameters. 

When briefly looking at Table A.2.4.1, it can be noticed that all estimated Al composition values are 

of the order of targeted nominal Al contents, except for the first Al0.3Ga0.7N NW sample (N2497 HT), 

which is surprisingly much Al-richer than expected, despite the use of same atomic fluxes during 

growth as the other Al0.3Ga0.7N NW sample (N2499 LT). 

Sample AlxGa1-xN growth 

parameters 

Structural parameters Average Al 

composition from XRD 

Reference 

number 

Nominal 

xAl (%) 

𝑇𝑠𝑢𝑏𝑠 

(°C) 

𝑡𝑑𝑒𝑠
𝐺𝑎  

(s) 

Average AlGaN 

section length 

(nm) 

Fill 

factor 

(%) 

Standard 

XRD setup 

(%) 

ESRF 

RSM 

data (%) 

N2497 (HT) 30 867 10 226 38.8 53.7 50.7 

N2499 (LT) 30 789 60 273 43.7 30.2 33.7 

N2502 (HT) 50 847 10 262 45.8 46.8 53.8 

N2504 (LT) 50 795 60 285 35.4 42.9 44.7 

N2501 (HT) 75 859 10 224 41.1 75.8 78.2 

N2507 (LT) 75 785 60 224 36 67 73.2 

 

Table A.2.4.1: Summary of growth conditions and experimental average AlN molar fractions for the six AlGaN NW 

samples investigated on the BM02 beam line of ESRF. 

Figure A.2.4.1 displays SEM images corresponding to the X-ray beam impinging area, for each 

investigated sample, while Figure A.2.4.2 gives typical STEM images of dispersed NWs for some 

samples, exhibiting Al-richer shells around AlGaN NW cores and parasitic Al-richer sections 

preferentially nucleating on top of GaN NW templates, as already described in Subpart 3.1. It can be 

seen from Figure A.2.4.2 that the length of the latter sections is zero or negligible for Al0.3Ga0.7N and 

Al0.5Ga0.5N NW samples, in contrast to Al0.75Ga0.25N NW samples for which such sections are pure 

AlN and must be taken into account when estimating the equivalent NW length required for 

calculating the AlGaN absorption coefficient. To do so, statistics on the AlN NW section length were 
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performed based on STEM images and the resulting average length of this section was subtracted from 

the AlGaN+AlN section length estimated from side-view SEM images. It must be noted that the error 

bar on the AlGaN absorption coefficient will be higher for the Al0.75Ga0.25N sample grown at high 

temperature (N2501 HT) in view of the significant disparity on the AlGaN section length for this 

sample (see Figure A.2.4.2 (c)). 

 

Figure A.2.4.1: Side-view and top-view SEM images taken in the area of X-ray beam impinging area for Al0.3Ga0.7N 

NWs ((a): N2497, 𝒕𝒅𝒆𝒔
𝑮𝒂  ≈  10 s and (d): N2499, 𝒕𝒅𝒆𝒔

𝑮𝒂  ≈  60 s), Al0.5Ga0.5N NWs ((b): N2502, 𝒕𝒅𝒆𝒔
𝑮𝒂  ≈  10 s and (e): N2504, 

𝒕𝒅𝒆𝒔
𝑮𝒂  ≈  60 s) and Al0.75Ga0.25N NWs ((c): N2501, 𝒕𝒅𝒆𝒔

𝑮𝒂  ≈  10 s and (f): N2507, 𝒕𝒅𝒆𝒔
𝑮𝒂  ≈  60 s).   
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Figure A.2.4.2: STEM images of dispersed NWs for: (a) Al0.5Ga0.5N sample grown at 𝒕𝒅𝒆𝒔
𝑮𝒂  ≈  10 s (N2502 HT), (b) 

Al0.5Ga0.5N sample grown at 𝒕𝒅𝒆𝒔
𝑮𝒂  ≈  60 s (N2504 LT), (c) Al0.75Ga0.25N sample grown at 𝒕𝒅𝒆𝒔

𝑮𝒂  ≈  10 s (N2501 HT), and 

(d) Al0.75Ga0.25N sample grown at 𝒕𝒅𝒆𝒔
𝑮𝒂  ≈  60 s (N2507 LT). 

Figure A.2.4.3 compares the experimental lattice parameter values for the six investigated 

samples with those calculated assuming relaxed AlGaN in these samples. We can directly notice that 

the AlGaN NW sections are not as relaxed as we could have expected knowing that strain relaxation is 

eased in NWs by their sidewalls. Indeed, AlGaN NW sections undergo no or slight out-of-plane 

compressive strain due to the thin Al-richer shells, and more significant in-plane tensile strain, induced 

by the growth on lattice mismatched GaN NW templates. In fact, strain is progressively relaxed along 

AlGaN NW growth axis, as already mentioned in Subpart 2.1.4 (strain pulling effect) and Subpart 3.1, 

so that it is likely to be not fully relaxed for AlGaN NW sections as short as those specifically grown 

for these experiments. As expected, the gap between the experimental lattice parameter values and 

those for relaxed AlGaN rises when increasing the Al content, which mostly results from the more 

significant in-plane tensile strain in this case. 
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Figure A.2.4.3: Experimental lattice parameter 𝒄 versus 𝒂 for the six investigated samples. For each sample, two 

points, derived from RSMs around 103 and 112 reflections recorded at BM02 beam line at ESRF, are displayed. The 

solid red line corresponds to the values expected for fully relaxed AlGaN when varying the AlN molar fraction from 0 

to 1, whereas the dashed black line represents the evolution of strained AlGaN lattice parameters with AlN molar 

fraction for our samples. The stars indicate the expected lattice parameter values calculated from average Al 

composition values provided in the last column of Table A.2.4.1, if the six samples were fully relaxed. 

 

 

 Annex 2.5: Simultaneous determination of the polarity and average Al composition of 

AlGaN NWs through DAFS spectroscopy 

 

DAFS spectra were recorded at Bragg peak positions related to AlGaN, for beam energies in the 

10-11 keV range (around the Ga-K edge at 10.368 keV) and at least for two reflections for each 

sample. The 103, 112 and 002 reflections were chosen, notably because they are among the most 

intense reflections for WZ nitrides. In the following, the first two reflections were mostly investigated. 

Concomitantly, fluorescence was also recorded by a point detector (scintillator detector) in order to 

obtain the experimental resonant scattering factor for Ga displayed in Figure A.2.5.1: its imaginary 

part 𝑓′′ was directly extracted from the fluorescence data and its real part 𝑓′ was obtained from 𝑓′′ 

thanks to Kramers-Kronig relations. 
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Figure A.2.5.1: Ga resonant scattering experimentally determined from the fluorescence (red line): (a) imaginary part 

𝒇′′ and (b) real part 𝒇′ determined from 𝒇′′ using Kramers-Kronig relations. The theoretical values (tabulation also 

displayed in Figure A.2.2.1 of Annex 2.2) are provided (black lines), as references. 

 

Using a software program (DAFIT) based on the formalism introduced in Annexes 2.1 and 2.2 

(crystallographic model), the DAFS spectra (corrected for background) were fitted to derive the NW 

polarity and the average AlN molar fraction at the same time. DAFS data before the Ga-K threshold 

mostly determine the average Al composition value and had to be perfectly fitted. As for the part of 

DAFS spectra above the absorption edge, several parameters, including the AlGaN equivalent 

thickness (corresponding to the product of the average AlGaN NW section length and the fill factor, 

both provided in Table A.2.4.1), the beam incident angle and the experimental Ga anomalous 

scattering factor, had to be entered in the program to properly calculate the AlGaN absorption 

correction. Moreover, an additional correction factor 𝐶(𝐸, 𝛼), presented in Annex 2.1, had to be 

introduced both to consider the additional spectral distortion induced by the 2D detector with respect 

to the former 1D detector over the investigated beam energy range, especially above the edge, and to 

take into account the slight experimental drifts of the diffracted beam observed during experiments. 

The 𝛼 exponent could slightly vary from one investigated sample and/or reflection to another. Figure 

A.2.5.2, Figure A.2.5.3, and Figure A.2.5.4 provide several examples of DAFS spectra for our 

investigated samples, exhibiting the fits for the three investigated reflections of an Al0.5Ga0.5N sample 

(N2502 HT), those for the same reflection (103) recorded for three samples of different nominal Al 

content grown at the same temperature (N2499 LT, N2504 LT, N2507 LT), and those for two 

reflections (103 and 112) recorded for two samples of same nominal Al composition but grown at 

different substrate temperatures (Al0.75Ga0.25N, N2501 HT and N2507 LT), respectively. 
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Figure A.2.5.2: DAFS spectra recorded around the Ga-K edge at the Bragg peak position related to Al0.5Ga0.5N NW 

sections grown at 𝒕𝒅𝒆𝒔
𝑮𝒂  ≈  10 s (N2502 HT), for the following reflections: (a) & (b) 103, (c) 112, (d) 002. Fits performed 

for the two reflections of Bijvoet’s pair are displayed on each spectrum: the sample is clearly N-polar, in view of the 

DAFS intensity difference between both cases above the threshold. (b) zooms on the energy range before the Ga-K 

threshold: DAFS data over this range mostly sets the Al composition value and must be perfectly fitted.  
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Figure A.2.5.3: DAFS spectra recorded around the Ga-K edge at the Bragg peak position related to AlGaN NW 

sections for the 103 reflection, provided for three samples of different nominal AlN molar fractions grown at the same 

temperature (𝒕𝒅𝒆𝒔
𝑮𝒂  ≈  60 s): (a) & (b) Al0.3Ga0.7N (N2499 LT), (c) Al0.5Ga0.5N (N2504 LT), (d) Al0.75Ga0.25N (N2507 LT). 

Fits performed for the two reflections of Bijvoet’s pair are displayed on each spectrum: the sample is clearly N-polar, 

in view of the DAFS intensity difference between both cases above the energy threshold. (b) zooms over the beam 

energy range before the threshold for the Al0.3Ga0.7N sample (N2499 LT), showing an excellent fit over the latter 

range. 
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Figure A.2.5.4: DAFS spectra recorded around the Ga-K edge at the Bragg peak position related to AlGaN NW 

sections for the 103 and 112 reflections, provided for two samples of same nominal Al content (Al0.75Ga0.25N) but 

grown at different substrate temperatures: (a) & (b) 103 & 112 for N2501 HT, (c) & (d) 103 & 112 for N2507 LT. Fits 

performed for the two reflections of Bijvoet’s pair are displayed on each spectrum: the sample is clearly N-polar, in 

view of the DAFS intensity difference between both cases above the energy threshold. 

 

As expected, it can be directly seen that AlGaN NWs are N-polar, in view of the excellent fits in the 

latter case and the intensity difference with respect to its Bijvoet counterpart, namely the metal-polar 

case, above the Ga-K edge (see Equations (A.2.2.3) and (A.2.2.4) for the intensity difference literal 

expression). About 5-10% of NWs are expected to be metal-polar, given the previous reports for GaN 

NWs grown by MBE [117, 313]. Regarding the values of average AlN molar fractions obtained from 

the fitting procedure, Table A.2.5.1 gathers them for all samples and compares them to those estimated 

from lattice parameter values extracted from ESRF data and those determined with a standard 

diffractometer using the extended Bond method, similarly to values provided in Table A.2.4.1.   
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 Average Al composition deduced from XRD data (%) 

Sample INAC ESRF: RSM data  ESRF: fitted DAFS spectra 

Reference 

number 

Nominal  

xAl (%) 

Standard XRD  

Bond method 

RSM  

103  

RSM 

112 

RSM 

avg. 

Fit 

103 

Fit 

112 

Fit 

002 

Fit 

avg. 

N2497 (HT) 30 53.7 52.5 48.8 50.7 54.3 47.4 - 50.9 

N2499 (LT) 30 30.2 32.5 34.8 33.7 29.6 29.3 - 29.4 

N2502 (HT) 50 46.8 53.8 53.9 53.8 53.9 47.7 53.4 51.7 

N2504 (LT) 50 42.9 43.0 46.3 44.7 40.6 38.9 - 39.7 

N2501 (HT) 75 75.8 76.0 80.5 78.2 81.3 80.9 - 81.1 

N2507 (LT) 75 67 70.4 76.0 73.2 71.5 73 - 72.2 

 

Table A.2.5.1: Comparison of average Al compositions, for the six investigated AlGaN samples, derived from three 

methods: first, from lattice parameters determined by the extended Bond method performed on a standard 

diffractometer; second, from lattice parameters measured using RSM data recorded for several reflections at ESRF, 

and last, from DAFS spectra fitting.  

Values resulting from the fits are on the whole very close to those derived from other methods, 

supporting the fact that DAFS spectroscopy is a powerful tool for getting ensemble averaged structural 

information such as the polarity and the average composition of AlGaN NWs, in addition to the short-

range information usually extracted from this technique. 

 

Annex 2.6: Preliminary overview of the extended fine structure region 

 

In a next stage, DAFS spectra recorded for 103, 112 and 002 reflections over the 10-11 keV range 

around the Ga-K edge were normalized in the 𝑘-space specifically for the analysis of the extended fine 

structure region: using the right term of Equation (A.2.3.5), the experimental first-order EDAFS 𝜒𝑄(𝑘) 

were derived. For each spectrum, the 𝑆𝐷 normalization factor was extracted from fits of experimental 

DAFS spectra performed in Annex 2.5, while 𝐼0,𝑒𝑥𝑝 was computed using the ATHENA software 

[524]. The experimental first-order EDAFS 𝜒𝑄(𝑘) are exhibited for a few examples below in Figure 

A.2.6.1, Figure A.2.6.2 and Figure A.2.6.3. 
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Figure A.2.6.1: Experimental first-order EDAFS 𝝌𝑸(𝒌) compared for several reflections (103, 112 and 002) 

investigated for the following AlGaN NW samples, of various nominal Al content but all grown at the same high 

temperature: (a) Al0.3Ga0.7N (sample N2497), (b) Al0.75Ga0.25N (sample N2501), and (c) Al0.5Ga0.5N (sample N2502). 

Scheme of the Ga nearest neighbors probed: (d) out-of-plane ([0001] direction), (e) in-plane. 
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Figure A.2.6.2: Experimental first-order EDAFS 𝝌𝑸(𝒌) compared for two AlGaN NW samples of same AlN molar 

fraction but grown at different temperatures, in the following cases: (a) Al0.5Ga0.5N, reflection 103, (b) Al0.5Ga0.5N, 

reflection 112, (c) Al0.75Ga0.25N, reflection 103, (d) Al0.75Ga0.25N, reflection 112. 

 

Figure A.2.6.3: Experimental first-order EDAFS 𝝌𝑸(𝒌) compared for three AlGaN NW samples of various nominal 

AlN molar fractions but all grown at the same low temperature (x = 0.3, 0.5 and 0.75, for samples N2499, N2504 and 

N2507, respectively), for the following reflections: (a) 103, (b) 112. 
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It must be stressed that, in addition to their high intensity, the 103, 112 and 002 reflections were also 

chosen because they allow one to probe nitride samples for short-range structural information 

differently with respect to out-of-plane and in-plane directions illustrated in Figure A.2.6.1 (d) and (e), 

depending on the scalar product of the polarization vectors of the incident and diffracted beams with 

the Ga-to-nearest-neighbor vector. Therefore, comparing such reflections could lead to the observation 

of anisotropic short-range order, as reported for InGaN NWs [454]. In the case of our experiments, 

noticeable differences can be directly observed on the whole when comparing, for a given AlGaN NW 

sample, the EDAFS oscillations derived for all investigated reflections (103 and 112 for all samples, in 

addition 002 for N2502), as visible in Figure A.2.6.1. Such differences are likely not to be explained 

by the mere linear dichroism. In contrast, fewer differences were globally noticed, for a given 

reflection, when comparing the oscillations for two samples of the same nominal Al content but grown 

at different temperatures (except for Al0.3Ga0.7N samples), as illustrated in Figure A.2.6.2. The latter 

observation is consistent with the fact that the average Al composition estimated for these two samples 

remains close and that similar µ-optical properties attributed to compositional fluctuations within the 

alloy were evidenced for AlGaN NWs of comparable Al content but grown at various temperatures. 

When varying the average AlN molar fraction, differences are expected, starting with the signal-to-

noise ratio which logically decreases with the AlN molar fraction, as observable in Figure A.2.6.3. To 

go much further than our initial observations, a quantitative analysis of EDAFS oscillations based on 

the formalism introduced in Annex 2.3 will be performed soon. 

 

Annex 2.7: Conclusion and prospects 

 

After having introduced the resonant XRD formalism needed for processing the DAFS data, we 

have firstly successfully identified the polarity of AlGaN NWs and estimated their average Al 

composition simultaneously, emphasizing the large range of possibilities provided by the DAFS 

technique. Indeed, the latter allows one not only to extract structural information at the scale of the 

next nearest neighbors of resonant atoms but also to obtain ensemble averaged structural information 

such as the polarity of WZ materials which can be determined simultaneously with the average 

composition in the case of WZ alloys.  

We have then given a brief overview of the EDAFS oscillations that will be quantitatively 

analyzed in a near future. Some differences could be directly observed on the provided graphs, 

especially when comparing, for a given sample, oscillations obtained for various reflections. Such 

differences may not only result from linear dichroism but also from compositional anisotropy, in other 

words anisotropic short-range order, within the alloy. The latter will be investigated when processing 

the oscillations, after having compared the Ga content in the next nearest neighbor (NNN) shell to the 

average composition and having estimated the NNN distance.  
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Summary in French 

 

Introduction 

 

Durant ces 25 dernières années, les matériaux semi-conducteurs nitrures (III-N), à savoir le GaN, 

l’AlN, l’InN et leurs alliages, ont suscité un intérêt croissant au sein des milieux académiques et 

industriels, tout particulièrement depuis la réalisation des premières diodes électroluminescentes 

(DELs) et diodes laser (DLs) à base de nitrures dans les années 90 [1-8]. En raison de leur gap direct 

et de la large plage de longueurs d’onde d’émission couverte par les différents alliages, qui s’étend du 

proche infrarouge (IR) à l’ultraviolet (UV) profond, les semi-conducteurs III-N ont été depuis 

massivement utilisés dans la fabrication de composants optoélectroniques tels que les DELs 

bleues/vertes/blanches et les DLs violettes/bleues/vertes, en particulier la LD émettant à 405 nm et 

utilisée pour la technologie Blu-Ray. En outre, les nitrures présentent une grande stabilité chimique, 

des mobilités électroniques élevées, de fortes tensions de claquage, et une bonne conductivité 

thermique, ce qui les rend adaptés pour une large gamme de dispositifs fonctionnant à haute 

température, haute fréquence et/ou forte puissance [10-13]. 

 

Un bref historique de la recherche sur les nitrures: de la préhistoire des matériaux 

III-N à l’intérêt récent porté aux nanofils. 

 

Les premiers articles traitant des semi-conducteurs III-N datent du début du XX
ème

 siècle et 

décrivent la croissance d’AlN [14], GaN [15] et InN [16] polycristallins, respectivement en 1907, 

1932 et 1938. Pourtant, la croissance épitaxiale de ces matériaux ne fut pas rapportée avant les années 

60 et 70 [17-19]. En particulier, les couches de GaN crûes à cette époque étaient de mauvaise qualité 

cristalline et présentaient un fort dopage de type n, bien qu’elles n’étaient pas intentionnellement 

dopées. Ce n’est qu’en 1986 que la qualité structurale du GaN fut significativement améliorée, par 

l’utilisation d’une couche tampon d’AlN (« buffer ») [20]. Du GaN dopé p fut ensuite obtenu pour la 

première fois en 1989, en utilisant des dopants Mg [21]. Ces deux dernières découvertes ont jeté les 

bases des avancées majeures en optoélectronique mentionnées plus haut. 



 Summary in French 

 

 230 
 

Etonnamment, il fut constaté, durant la campagne expérimentale menée durant les années 80 et le 

début des années 90 pour optimiser la croissance des couches de GaN, que ce dernier avait tendance à 

croître en formant des cristaux colonnaires coalescés [22]. Quelques années plus tard, il fut démontré 

que le GaN pouvait, sous certaines conditions de croissance par épitaxie par jets moléculaires (EJM), 

croître en formant de lui-même des colonnes bien séparées et de dimensions nanométriques [23, 24]. 

Les premiers nanofils nitrures auto-induits étaient nés, ouvrant au sein de la communauté III-N un 

nouveau domaine de recherche, dont l’intérêt réside principalement dans: 

 L’absence de défauts cristallins étendus, tels que les dislocations ou les joints de grain 

communément observés pour la croissance 2D, dans ces nanostructures de type « bottom-up » 

(du bas vers le haut), même si ces dernières sont crûes sur des substrats en fort désaccord de 

maille. Cette caractéristique vient du rapport d’aspect élevé (longueur/diamètre) des nanofils, 

leur permettant de relaxer facilement les contraintes sur leur périphérie. 

 La versatilité relative de la croissance nanofilaire, qui permet d’ajuster, dans une certaine 

mesure, les dimensions, la densité ou encore la structure des nanofils, et de s’affranchir des 

limites physiques imposées par les approches conventionnelles, dites « top-down » (du haut 

vers le bas), comme la lithographie [26, 27]. 

 La croissance plus simple d’hétérostructures le long des directions dites non-polaires, dans le 

but d’annuler l’effet Stark confiné quantiquement. En effet, une telle croissance reste 

complexe dans le cas 2D en raison de la forte anisotropie sur les propriétés des surfaces non-

polaires [28-30], ce qui engendre des densités de dislocations et de fautes d’empilements plus 

élevées que pour une croissance 2D le long des directions polaires [31] ou que pour une 

croissance radiale sur les facettes latérales des nanofils [32, 33].  

La croissance de nanofils par d’autres techniques plus adaptées à la production à grande échelle, 

comme le dépôt chimique ou l’épitaxie en phase vapeur (EPV), a été également étudiée et s’est avérée 

plus complexe à maîtriser que sa contrepartie EJM. Diverses approches furent considérées: 

l’utilisation de catalyseurs dans un premier temps [34, 35, 38, 39, 42], suivie de celle de substrats 

patternés [36, 37], avant d’aboutir finalement à la croissance de nanocolonnes auto-induites bien 

orientées [40, 41] comme pour l’EJM. 

D’un point de vue applicatif, les nanofils III-N sont des alternatives prometteuses aux couches 

planaires conventionnelles pour améliorer le rendement des composants et/ou réduire les coûts de 

production. En optoélectronique, des entreprises telles qu’Aledia ou Glō [45, 46] visent à produire des 

DELs hautement efficaces et moins chères, à base de fils de GaN crûes sur des substrats Si peu 

coûteux. Le rapport d’aspect élevé des fils devrait de plus permettre de réduire le volume des 

dispositifs, en d’autres termes la quantité de matériau déposé, tout en préservant, voire même en 

améliorant, le rendement. Dans cette perspective, la croissance d’hétérostructures radiales sur les 
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facettes latérales des nanofils a été explorée, permettant par la même occasion de s’affranchir de l’effet 

Stark. En particulier, différents types de composants basés sur ces hétérostructures ont été réalisés: 

DELs [47-49], transistors à mobilité électronique élevée [50], cellules photovoltaïques [51-53] …  

En raison de leurs propriétés uniques, les nanofils III-N ont rendu accessible des domaines 

d’applications qui ne l’étaient pas, ou peu, pour les couches fines. Par exemple, leurs faibles 

dimensions font d’eux les plus petits objets diélectriques permettant le guidage d’onde [54, 55] ou la 

réalisation de contacts électriques [56-58]. Les nanocolonnes nitrures présentent également, en raison 

de leur géométrie, des propriétés optiques et électriques toutes deux fonction de leur orientation, 

faisant de ces objets des candidats prometteurs pour la conception de photodétecteurs sensibles à la 

polarisation [59]. En outre, le rapport surface sur volume élevé de ces nanostructures entraîne une plus 

grande interaction avec le milieu ambiant, ce qui les rend particulièrement adapté, non seulement pour 

des applications de type nanocapteurs biologiques [63, 64] et chimiques [60-62], mais également pour 

la production de molécules telles que l’hydrogène et l’oxygène à partir du craquage de l’eau [65, 66]. 

Enfin, en raison de leurs intéressantes propriétés piézoélectriques, les nanofils III-N présentent un fort 

potentiel pour la fabrication de nanocapteurs [67] et nanogénérateurs [68] piézoélectriques. 

 

Contexte et motivations de ce travail de recherche 

 

Mon travail de thèse est axé sur les matériaux semiconducteurs nitrures émettant dans l’UV, sur la 

plage 200-350 nm, à savoir l’alliage AlGaN. Ce matériau est très prometteur pour la réalisation de 

DELs et lasers émettant dans l’UV destinés à des applications variées dans l’UV-A (impression 3D, 

séchage par UV), l’UV-B (photothérapie dermatologique, croissance de plantes), et l’UV-C 

(purification de l’eau, stérilisation) [69, 70]. Le développement de tels composants, en tant 

qu’alternatives aux sources actuellement disponibles sur la gamme d’émission étudiée, présente de 

forts enjeux économiques, environnementaux, et sociétaux. En effet, la plupart des sources UV 

commerciales sont à gaz (lampes au mercure, au deutérium, lasers excimer,…),  et par conséquent peu 

efficaces, nocives pour l’environnement et peu transportables [69, 70]. 

Durant cette thèse, l’Al(Ga)N a été crû sous forme de nanofils afin d’atteindre une qualité 

cristalline supérieure à celle des couches 2D, en l’absence de défauts structuraux étendus dans ces 

nanostructures [71, 72]. Pour ce qui est des applications, cette amélioration devrait permettre aux 

DELs UV basées sur ces nanofils d’atteindre des rendements plus élevés que leurs contreparties 2D. 

Jusqu’à présent, les efficacités rapportées pour les structures planaires restent faibles, particulièrement 

aux faibles longueurs d’onde [69, 73]. Dernièrement, des DELs à base de nanofils d’AlGaN [77-88, 

93-97], et même d’AlN [78], ont été réalisées par EJM et des rendements prometteurs ont été rapportés 
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pour certaines d’entre elles. En parallèle, des DLs [81, 82, 98-100] à base de nanofils d’AlGaN 

émettant dans l’UV-B et l’UV-C ont également été démontrées. 

Bien qu’une partie significative de la communauté III-N concentre ses efforts sur le 

développement de dispositifs, comme mis en exergue par la vue d’ensemble du domaine donnée 

jusqu’à présent, plusieurs groupes de chercheurs, dont le nôtre, continuent de partager le même intérêt 

pour l’étude et la compréhension des propriétés fondamentales des semiconducteurs nitrures. Cette 

dernière démarche demeure de toute façon nécessaire dans l’optique de contrôler totalement toutes les 

étapes de fabrication de ces composants. 

 

Dans le cas des nanofils AlGaN, la question des inhomogénéités d’alliage à l’échelle 

nanométrique reste à éclaircir. Afin d’y répondre, les fluctuations de composition et la localisation de 

porteurs associée seront examinées dans le chapitre 3, essentiellement par le biais de techniques de 

caractérisation optique. Pour nos expériences, des nanofils d’AlGaN seront crûs par EJM dans des 

conditions variées, de manière à potentiellement ajuster les compositions de fluctuations et à sonder 

par conséquent, si possible, des centres de localisation de taille et de composition différentes. 

Le dopage des nanofils d’AlGaN, surtout celui de type p, est également loin d’être compris et 

maîtrisé. En particulier, le problème de l’incorporation ainsi que de l’activation optique et électrique 

dans les fils demeure nébuleux. Cette question sera étudiée dans le chapitre 4, notamment pour des 

jonctions pn nanofilaires d’AlGaN crûes par EJM. 

 

Collaborations 

 

Avant la fin de cette introduction, il doit être souligné que les résultats présentés dans ce manuscrit 

sont le fruit de plusieurs collaborations, aussi bien internes au groupe NPSC de l’INAC qu’externes au 

laboratoire. Les collaborateurs qui ont contribué le plus directement à cette thèse sont nommés ci-

dessous. 

La croissance par EJM a été effectuée sous la supervision de mon directeur de thèse Bruno Daudin 

(NPSC) et en collaboration avec plusieurs étudiants du groupe. 

Les résultats de PL ont été pour la plupart obtenus sous la supervision de mon co-encadrant Bruno 

Gayral (NPSC). Une campagne expérimentale de TRPL fut également menée au laboratoire Charles 

Coulomb à Monpellier, en collaboration avec Pierre Valvin, Thierry Guillet, Christelle Brimont et 

Pierre Lefebvre. 
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Des expériences de nanocathodoluminescence ont été menées par Mathieu Kociak et Luiz Tizei, 

du laboratoire de physique des solides (LPS) à Orsay. 

Des analyses Raman and KPFM ont été effectuées en collaboration avec le groupe d’Ana Cros, de 

l’Institut de science des matériaux, à l’université de Valence, en Espagne. 

Des expériences de diffraction à rayon X anomale ont été réalisées sous la supervision d’Hubert 

Renevier, du LMGP à Grenoble. 

Quelques observations en microscopie électronique ont été effectuées par Lynda Amichi et 

Catherine Bougerol (NPSC). 

 

Organisation du manuscrit 

 

Chapitre 1: Propriétés et croissance des matériaux semi-conducteurs III-N 

 

Ce  premier chapitre donne une vue d’ensemble des propriétés fondamentales des matériaux 

binaires III-V, plus particulièrement celles du GaN et de l’AlN,  ainsi que celles de leurs alliages. 

L’objectif de ce chapitre n’est pas d’être exhaustif mais de fournir les notions les plus pertinentes pour 

la compréhension du manuscrit. 

Premièrement, des notions basiques relatives aux propriétés structurales des nitrures [102, 105] 

sont introduites, telles que la structure cristalline, qui est le plus souvent wurtzite, la polarité dans la 

structure wurtzite, ou encore les polarisations spontanées et piézoélectriques dans cette structure. 

En second lieu, les propriétés électroniques des semi-conducteurs III-N sont détaillées [152]: la 

structure de bande des matériaux binaires, les différents types de transitions excitoniques/ 

électroniques ainsi que l’effet de paramètres extérieurs telle que la température sur ces dernières sont 

expliqués, avant d’aborder les spécificités de la structure électronique des alliages [171, 172] puis 

d’expliciter l’effet de la dimensionnalité d’objets tels que les nanofils [229] ou les structures 

quantiques [189] sur ces même propriétés.  

Enfin, la croissance épitaxiale des matériaux III-N est présentée: les techniques de croissance 

communément utilisées telles que l’EJM [257], utilisée durant cette thèse, et l’EPV [255] sont 

brièvement définies dans un premier temps puis les principaux mécanismes de croissance par EJM, 

comprenant entre autres les phénomènes de surface dépendant de la cinétique, les relaxation élastique 

et plastique des contraintes ou encore les différents modes de croissance,  sont détaillés.  
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Chapitre 2: Méthodes expérimentales 

 

Dans ce deuxième chapitre, les nombreuses techniques utilisées pour croître et caractériser nos 

échantillons sont présentées plus ou moins exhaustivement. Tout comme le chapitre 1, le but est de 

passer en revue les concepts et détails les plus pertinents pour l’obtention et la compréhension des 

résultats. 

Tout d’abord, les spécificités de notre machine EJM, le protocole complet de calibration des 

croissances [103, 290, 303], ainsi que les conditions de croissance appropriées pour des nanofils GaN 

[296]  et AlGaN [139] sur cette installation sont mis en évidence.  

Deuxièmement, les principales méthodes de caractérisation structurale utilisées dans le cadre cette 

thèse, à savoir la microscopie électronique (MEB/MEBT, EDX) [344, 345], la diffraction aux rayons 

X (DRX) [352] et la microscopie à force atomique (AFM) [357], sont introduites plus ou moins 

brièvement. 

En dernier lieu, les techniques de caractérisation optique utilisées telles que la photoluminescence 

(PL) [359], la cathodoluminescence (CL) [385] et la spectroscopie Raman [359, 394] sont également 

expliquées. En raison des différentes variantes de PL utilisées et leurs utilisations fréquentes au cours 

de la thèse, la description est plus exhaustive pour cette méthode: en plus de sa contrepartie continue, 

la PL résolue en temps (TRPL) ainsi que le principe de la corrélation de photons (HBT) [382] sont 

présentés. Enfin, des spectres de PL typiques acquis pour des nanofils de nitrures binaires GaN [224] 

et AlN [139, 315, 375, 376] crûs par EJM sont expliqués. 

 

Chapitre 3: Etude la localisation des porteurs dans les nanofils d’AlGaN 

 

Dans ce troisième chapitre, les propriétés fondamentales de sections d’AlGaN non 

intentionnellement dopées (NID) crûes sur des bases nanofilaires de GaN sont examinées. Les 

spécificités structurales des échantillons étudiés sont d’abord mises en évidence, avant l’examen de 

leurs propriétés optiques. En particulier, la localisation des porteurs est scrutée pour de petits volumes 

d’AlGaN, à savoir des sections nanofilaires uniques dispersées. 

Premièrement, la caractérisation structurale des nanofils d’AlGaN met en évidence un mécanisme 

de croissance dominé par la cinétique, étayant le modèle de croissance développé précédemment [139, 
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321, 322]. Un compromis sur les paramètres cinétiques de croissance qui détermine la composition 

moyenne de l’alliage, à savoir la température de croissance et les flux métalliques, doit être adopté 

pour réduire la longueur des sections plus riches Al qui nucléent préférentiellement au sommet des 

bases nanofilaires de GaN. La pleine compréhension de la formation de ces sections reste obscure: un 

travail supplémentaire, comprenant notamment des simulations atomistiques, est nécessaire pour y 

voir plus clair. 

En second lieu, cette étude met en exergue que les nanofils constituent un outil idéal pour 

examiner les propriétés optiques fondamentales de très petites quantités de matière d’AlGaN exemptes 

de défauts étendus tels que les joints de grain ou les dislocations. Plus particulièrement, il est prouvé, 

au travers d’expériences de µ-PL dépendantes de la puissance d’excitation et HBT, que les centres de 

localisation de porteurs observés en µ-PL se comportent comme des boîtes quantiques [417] et 

résultent en fait des fluctuations de composition présentes au sein de l’alliage. Ces caractéristiques 

sont observées pour des fils d’AlGaN crûs dans des conditions variées, les valeurs de la température 

de croissance et des flux métalliques ayant été modulées sur de larges plages. Il est ensuite démontré, 

au moyen d’une combinaison d’expériences de PL et de TRPL, que les régions plus riches Ga 

spontanément formées durant la synthèse des sections nanofilaires d’AlGaN partagent des propriétés 

µ-optiques similaires sur une plage de longueur d’onde d’émission donnée, quel que soit les conditions 

de croissance explorées dans le cadre de cette étude. De telles régions, émettrices de photons uniques, 

sont présentes à petite échelle, puisque elles ont été également mises en évidence dans des 

nanodisques quantiques d’AlGaN très fins entourés de barrières d’AlN. 

 

Chapitre 4: Une autre étape vers les dispositifs: étude de jonctions pn nanofilaires 

d’AlGaN 

 

Dans ce chapitre 4, le dopage dans des sections d’Al(Ga)N crûes sur des bases nanofilaires de 

GaN est exploré. En particulier, des jonctions pn nanofilaires d’AlGaN et d’AlN sont étudiées dans 

l’optique de mettre en évidence une signature structurale, optique et électrique particulière pour les 

sections dopées n et p.  

Des signatures propres à l’incorporation des dopants, surtout pour Mg, ont tout d’abord été mises 

en évidence par le biais de techniques basiques de caractérisation structurale, pour des sections 

nanofilaires d’AlGaN crûes dans certaines conditions. Premièrement, les nanofils s’élargissent de 

manière significative pour des niveaux de dopage suffisamment élevés, particulièrement pour le 

dopage p, ce qui est attribué à la ségrégation des dopants près de la surface des fils. En second lieu, la 

composition en Al varie de manière abrupte à l’interface entre la partie dopée n et celle dopée p au 
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sein des jonctions pn nanofilaires d’AlGaN, ce qui résulte probablement d’un effet surfactant des 

atomes Mg qui favoriserait l’incorporation des atomes Al au détriment des atomes de Ga et la 

substitution préférentielle de ces derniers par des atomes Mg. Il est ensuite démontré que les dopants 

incorporés sont au moins partiellement actifs par le biais de la variante KPFM [358] de l’AFM. En 

effet, des jonctions pn ont été mises en évidence électriquement à l’aide de cette technique. 

La caractérisation optique des échantillons dopés a ensuite confirmé que les dopants, 

particulièrement Mg, sont bel et bien incorporés, étant donné que des transitions associées aux atomes 

Mg sont visibles en PL à des énergies d’émission bien plus basses que le bord de bande de l’AlGaN 

[128, 134]. Une signature optique spécifique pour chaque partie des jonctions pn a par la suite été mise 

en évidence, aussi bien par le biais d’analyses en nanoCL que des expériences µ-Raman. Des modes 

Mg-H [505, 506] ont de plus été observés, ce qui indique qu’une partie des atomes Mg incorporés a 

été passivée par de l’hydrogène résiduel durant la croissance et que les jonctions ne sont par 

conséquent pas entièrement actives électriquement. Afin de résoudre ce dernier problème, des recuits 

ont été effectués dans le but de dissocier les complexes Mg-H [469, 470] mais les résultats ne se sont 

pas avérés concluants pour le moment. 

En parallèle, des jonctions pn nanofilaires d’AlN ont été étudiées et présentent une morphologie 

intéressante. En effet, des creux profonds sont visibles dans les nanofils et attribués au dopage Mg 

effectué à des températures de croissance basses. Quand on augmente la température de croissance, il 

a été observé que ces creux disparaissent et que la morphologie des fils change, passant d’une forme 

hexagonale à 6 facettes latérales à une forme étoilée présentant 12 facettes et caractéristique de 

croissance effectuée dans des conditions très éloignées de l’équilibre thermodynamique [301, 504]. 

Contrairement aux échantillons d’AlGaN, les analyses Raman n’ont révélé aucun complexe Mg-H 

dans des jonctions d’AlN crûes dans des conditions voisines de leurs contreparties AlGaN. Par 

conséquent, soit l’incorporation des atomes Mg dans l’AlN a été beaucoup moins significative, soit les 

complexes Mg-H ne se sont pas formés durant la croissance. Au vu des niveaux résiduels d’hydrogène 

dans la chambre, de la présence de modes C-H en Raman et les résultats préliminaires d’autres 

expériences d’optique, la première hypothèse est plus probable.  
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Annexes:  

 

Annexe 1: Cristallographie dans les systèmes hexagonaux  

 

Dans cette première annexe, des notions relatives à la structure cristallographique des nitrures, 

complémentaires de celles déjà introduites dans le chapitre 1 et requises pour l’analyse des données 

DRX (résonante ou non), sont fournies.  

 

Annexe 2: Résultats préliminaires pour la diffraction aux rayons X résonante  

 

Dans cette seconde annexe, la technique de DRX résonante ainsi que son intérêt dans le cadre de 

cette thèse sont tout d’abord brièvement présentés. Ensuite, le formalisme  requis pour l’analyse des 

données est décrit avant la présentation des résultats associés. Il est démontré que la technique permet 

de déterminer simultanément la polarité des fils AlGaN, azote pour nos échantillons, et leur 

composition moyenne en aluminium assez précisément. Des résultats préliminaires à l’analyse 

quantitative de l’environnement local des atomes résonants (à l’échelle des plus proches voisins) sont 

également présentés.  
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Abstract 

 

Using specific conditions, AlGaN nanowire (NW) sections can be grown in epitaxy on top of 

self-induced GaN NW templates. Such NW growth, performed by plasma-assisted molecular beam 

epitaxy in the present case, allows the subsequent characterization of very small volume of material 

free of extended defects commonly observed in planar structures. This absence of defects makes these 

NWs very promising for optoelectronic devices operating in the ultraviolet. However, achieving such 

devices requires a better understanding of the NW fundamental properties. 

The issue of alloy inhomogeneity at nanoscale has notably remained obscure so far. In order to 

make it clearer, the latter has been first investigated in the present work, especially through optical 

characterization at the single nanowire level. For our experiments, non-intentionally doped (NID) 

AlGaN NWs have been grown in various conditions in order to potentially tune the compositional 

fluctuations within the AlGaN alloy and therefore possibly probe for carrier localization centers of 

different size and Al composition. It has been firstly observed through structural characterization that 

the length of Al-rich sections preferentially nucleating on top of GaN NWs can be tuned by varying 

the growth kinetical parameters, emphasizing a growth mechanism governed by kinetics. Optical 

studies have then evidenced that compositional fluctuations induce carrier localization and exhibit a 

quantum dot-like behavior. The latter has been observed whatever the growth conditions explored in 

this work. Our results are consistent with the spontaneous formation during growth of tiny Ga-richer 

regions shown to share similar micro-optical features over a given emission wavelength range for all 

investigated growth conditions. Such regions exhibiting the single-photon emission character are 

present at very small scale, as signs of their existence have been also evidenced in thin NID AlGaN 

quantum disks.  

In addition, doping in Al(Ga)N NW, especially p-type, is far from being fully understood. In 

particular, the issue of dopant incorporation as well as optical and electrical activation in such NWs 

remains unclear. The latter has been examined in Al(Ga)N NW pn junctions doped with Mg and Si 

atoms. First, signatures specific to dopant incorporation in NWs have been highlighted through 

structural characterization, before evidencing AlGaN pn junctions electrically. Moreover, optical 

analysis have revealed particular signature for both dopant types. Nonetheless, Mg dopants are but 

partially active electrically due to passivation by hydrogen emphasized by the observation of Mg-H 

complexes. To cope with the latter issue, post-growth annealing experiments have been attempted. 

Concomitantly, AlN NW pn junctions have been also preliminarily investigated and present 

interesting morphological features. Indeed, deep hollow cores have been observed in NWs and 

associated with Mg doping carried out at low growth temperature. The NW morphology can be tuned 

by varying growth kinetical parameters and by using the surfactant effect of Mg atoms. When 

increasing growth temperature, these hollow cores disappear, while the NW top shape has been 

observed to switch from hexagonal to star-like, emphasizing growth conditions very far from 

thermodynamical equilibrium. Electrical activation of dopants has not been evidenced so far in AlN 

NW pn junctions. 

 

Keywords: AlGaN nanowires, MBE growth, optical characterization, UV emission, compositional 

fluctuations, doping 

 



 

 

Résumé 

 

Dans des conditions spécifiques, des sections nanofilaires d’AlGaN peuvent croître en épitaxie 

sur des bases nanofilaires de GaN auto-induites. De telles croissances, effectuées par épitaxie par jets 

moléculaires dans le cas présent, permettent la caractérisation ultérieure de petits volumes d’AlGaN 

exempt de défauts étendus communément observés dans les couches planaires. Cette absence de 

défauts rend ces fils prometteurs pour les dispositifs optoélectroniques émettant dans l’ultraviolet. 

Cependant, la réalisation de tels composants nécessite de mieux comprendre les propriétés 

fondamentales des fils. 

La question des inhomogénéités d’alliage à l’échelle nanométrique reste notamment à éclaircir. 

Afin d’y voir plus clair, ces dernières ont été dans un premier temps étudiées dans cette thèse, 

particulièrement par des techniques de caractérisation optique à l’échelle du nanofil unique. Pour nos 

expériences, des nanofils d’AlGaN non-intentionnellement dopés (NID) ont été crûs dans des 

conditions variées afin d’ajuster potentiellement les fluctuations de composition de l’alliage et ainsi 

sonder éventuellement des centres de localisation de porteurs de taille et composition différentes. Il a 

premièrement été observé au moyen de méthodes de caractérisation structurale que la longueur des 

sections plus riches Al qui nucléent préférentiellement au sommet des fils de GaN peut être ajustée en 

variant les paramètres cinétiques de croissance, mettant en lumière un mécanisme de croissance 

gouverné par la cinétique. Des études optiques ont ensuite démontré que les fluctuations de 

composition induisent de la localisation et présentent un comportement de type boîte quantique. Ce 

dernier a été observé quel que soit les conditions de croissance explorées dans ce travail. Il est ensuite 

démontré que les régions plus riches Ga spontanément formés durant la synthèse de l’AlGaN partagent 

des propriétés µ-optiques similaires sur une plage de longueur d’onde d’émission donnée,  pour toutes 

les conditions de croissance utilisées dans cette étude. De telles régions, émettrices de photons 

uniques, sont présentes à très petite échelle, puisque elles ont été également  mises en évidence dans 

des nanodisques quantiques d’AlGaN très fins. 

En outre, le dopage des nanofils d’AlGaN, surtout de type p, est loin d’être totalement compris. 

En particulier, En particulier, le problème de l’incorporation ainsi que de l’activation optique et 

électrique dans les fils demeure nébuleux. Cette question a été étudiée pour des jonctions pn 

nanofilaires d’AlGaN dopées avec des atomes Mg et Si. Premièrement, des signatures propres à 

l’incorporation des dopants dans les nanofils ont été mises en exergue au travers de techniques de 

caractérisation structurale, avant que des jonctions pn AlGaN soient mises en évidence électriquement. 

De plus, des analyses optiques ont mis en lumière une signature spécifique pour chaque type de 

dopants. Néanmoins, les dopants Mg ne sont que partiellement actifs électriquement en raison de la 

passivation par l’hydrogène mise en évidence par l’observation de complexes Mg-H. Pour résoudre ce 

problème, des recuits post-croissance ont été effectués. En parallèle, des jonctions pn nanofilaires 

d’AlN ont été préliminairement examinées et présentent des caractéristiques morphologiques 

intéressantes. En effet, des creux profonds ont été observés dans les fils et associés au dopage Mg 

effectué à basse température de croissance. La morphologie des fils peut être ajustée en jouant sur les 

paramètres cinétiques de croissance et sur l’effet surfactant des atomes Mg. En augmentant la 

température,  les creux disparaissent tandis que la forme du sommet des fils, usuellement hexagonale, 

change pour devenir « étoilée », mettant en exergue des conditions de croissance très éloignées de 

l’équilibre thermodynamique. L’activation électrique des dopants n’a pas été observée jusqu’à présent 

dans ces jonctions pn d’AlN. 

 

Mots clés: nanofils AlGaN, croissance EJM, caractérisation optique, émission UV, fluctuations de 

composition, dopage 
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