


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To my beloved parents and husband, Xingyu 

 

 

 

 

 

 

 

 

  



i 

 

Abstract 

Aluminum gallium nitride (AlGaN) ultraviolet (UV) laser diodes (LDs) are of great 

research interest due to their wide range of applications and promising future to replace today’s 

dominant UV lasing technologies, such as gas lasers and solid-state lasers. Nonetheless, the 

majority of the studies on AlGaN deep UV lasers are still on optical pumping and the development 

of electrically driven counterparts is relatively slow, mainly rooted in the difficulties in achieving 

high quality AlGaN epilayers and insufficient p-type conduction. In addition, the AlGaN UV laser 

research predominantly relies on the structures grown by metalorganic chemical vapor deposition 

(MOCVD) and the research of AlGaN UV lasers by molecular beam epitaxy (MBE) is rare. It is 

also noted that the recent progress on electrically injected AlGaN deep UV lasers relies on 

expensive AlN substrates. 

The research in this dissertation follows the track of MBE-grown AlGaN on cost-effective 

foreign substrates, such as silicon (Si) and sapphire, to address the current impediments. This 

research first demonstrates a novel buffer layer technology, which enables low-cost, highly 

reproducible, high quality, and nearly strain-free AlN thin film through exploiting the low Al 

adatom migration during the coalescence process on a GaN nanowire template on Si. This research 

further demonstrates high quality AlGaN epilayers on such nanowire-assisted AlN templates by 

MBE. Peak internal quantum efficiency (IQE) of ~50% is derived, which is significantly improved 

compared to the previously reported bulk AlGaN epilayers on sapphire. 

In parallel, the research in this dissertation also, for the first time, reports deep UV lasing 

from MBE-grown AlGaN on sapphire by optical pumping, with clear lasing evidence. Lasing at 

298 nm from the AlGaN/AlN double heterostructure (DH) is first obtained, with a lasing threshold 
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of 950 kW/cm2. This research further studies the correlation between point defects and lasing 

threshold, reducing the lasing threshold to 530 kW/cm2 at 287 nm, together with an increase in 

IQE of ~16%. Towards the electrically injected AlGaN UV LDs, the research in this dissertation 

designs and numerically investigates a unique Al-content engineered superlattice electron blocking 

layer (AESL-EBL), which not only improves charge carrier transport with the assistance of hot 

hole effects but also minimizes optical loss due to doping. 
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Abrégé 

Les diodes laser ultraviolets (UV) à base de nitrure d'aluminium-gallium (AlGaN) suscitent 

un grand intérêt en recherche en raison de leur large éventail d'applications et de leur avenir 

prometteur pour remplacer les technologies de laser UV dominantes actuelles, telles que les lasers 

à gaz et les lasers à solide. Néanmoins, la majorité des études sur les lasers UV profonds en AlGaN 

portent encore sur le pompage optique et le développement de leurs homologues électriquement 

pilotés est relativement lent, principalement en raison des difficultés à obtenir des épitaxies AlGaN 

de haute qualité et de la conduction de type p insuffisante. En outre, la recherche sur les lasers UV 

en AlGaN repose principalement sur des structures développées par épitaxie en phase vapeur aux 

organométalliques (EPVOM) et les travaux sur les lasers UV en AlGaN par épitaxie par jets 

moléculaires (MBE) sont rares. Il convient également de souligner que les avancées récentes des 

lasers UV profonds à injection électrique en AlGaN sont tous réalisés sur des substrats en AlN 

coûteux.  

La recherche dans cette dissertation suit la voie de l'AlGaN développé par MBE sur des 

substrats étrangers économiques, tels que silicium (Si) et saphir, pour surmonter les obstacles 

actuels. Cette recherche démontre d'abord une nouvelle technologie de couche tampon, qui permet 

d'obtenir un film mince AlN peu coûteux, hautement reproductible, de haute qualité et presque 

exempt de contraintes en exploitant la faible migration des adatomes d'Al lors du processus de 

coalescence sur un modèle de nanofil de GaN sur Si. Cette recherche montre également des 

épitaxies AlGaN de haute qualité sur de tels modèles d'AlN assistés par nanofils grâce à l'utilisation 

de MBE. Une efficacité quantique interne (IQE) maximal d'environ 50% est obtenu, ce qui 
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représente une amélioration significative par rapport aux couches épitaxiales massives d'AlGaN 

sur saphir précédemment rapportées.  

En parallèle, la recherche dans cette dissertation rapporte également, pour la première fois, 

une émission laser UV profonde provenant d'AlGaN développé par MBE sur saphir par pompage 

optique, avec des preuves claires d’émission laser. Une émission laser à 298 nm à partir de la 

double hétérostructure (DH) AlGaN/AlN est d'abord obtenue, avec un seuil de d’émission laser de 

950 kW/cm². Cette recherche étudie également la corrélation entre les défauts ponctuels et le seuil 

d’émission laser, réduisant le seuil à 530 kW/cm² à 287 nm, accompagné d'une augmentation de 

l'IQE d'environ 16%. En vue de diodes laser UV en AlGaN à injection électrique, la recherche de 

cette dissertation conçoivent et étudient numériquement une unique couche de blocage d'électrons 

à super réseau avec composition d'Al ajustée (AESL-EBL), qui améliore non seulement le 

transport des porteurs de charge avec l'aide des effets de trous chauds, mais minimise également 

les pertes optiques dues au dopage. 
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Chapter 1  

Introduction 
 

 

1.1 Motivation 

The development of UV LDs is of great research interest because of their promising and 

wide range of applications, including non-line-of-sight (NLOS) communications, UV curing, 

water sterilization, high-density data storage, medical diagnostics, just to mention a few [1-9]. 

Figure 1.1 gives an overview of the potential applications in terms of various UV wavelengths, 

divided into UVA (400-315 nm), UVB (315-280 nm), and UVC (280-200 nm) bands.  

 

Figure 1.1. Applications of AlGaN-based UV LDs. Reproduced with permission [9]. Copyright 

2021, Springer Nature.  
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Today, the dominant UV lasing technologies mainly rely on gas lasers and solid-state lasers 

[1, 4, 7, 8]. They not only contain environmental hazards (e.g., fluoride) but are also bulky, high-

power consuming, and have limited lifetime as well as non-tunable wavelengths. Compared to 

conventional UV laser sources, semiconductor UV LDs offer several advantages, such as compact 

size, lower power consumption and higher efficiency, robust against vibrations, longer lifetime, 

environment-friendly, mass fabrication, more versatile in terms of emission wavelengths, and 

portability [9, 10].  

Among various semiconductor candidates, AlGaN alloys in the III-nitride material system 

are considered as the most promising candidate to develop semiconductor UV LDs, due to their 

direct, ultrawide, and tunable bandgap energies, ranging from 3.4 eV (GaN) to 6.2 eV (AlN) that 

could cover nearly the whole UV range by tailoring the Al alloy compositions [1-8].  

LDs emitting in the deep UV range, e.g., wavelengths < 300 nm, would be grown mainly 

based on Al-rich AlGaN, whereas those with longer emission wavelengths ( > 300 nm) would be 

grown mainly based on Ga-rich AlGaN. Compared to UVA LDs, deep UV LDs show more diverse 

applications, as reflected in Figure 1.1. Especially for their applications in water purification, UV 

lithography, NLOS, and micro machining, where high power densities are needed [9]. Therefore, 

significant research efforts have been put into developing AlGaN deep UV lasers by both optical 

pumping and electrical injection. Compared to optically pumped AlGaN deep UV lasers, the 

progress on the development of electrically driven counterparts is relatively slow. The electrically 

injected AlGaN UV lasing wavelengths have been limited in the UVA range, i.e., no deep UV 

lasing, until 2019 [11-18].  

The main impediments to the development of AlGaN UV lasers mainly root in the poor 

material quality of AlGaN epilayers grown on lattice-mismatched foreign substrates with high 



3 

 

dislocation densities (TDDs) and the difficulties in achieving sufficient p-type conduction due to 

the large Mg activation energy and co-doping effects. Therefore, the majority of the studies on 

AlGaN deep UV lasers today are still on optical pumping. The optically-pumped AlGaN UV lasers 

could be used to examine not only the material quality of AlGaN epilayers but also the 

corresponding laser design parameters. It is also worth noting that, at the time of writing this 

dissertation, the AlGaN UV laser research, no matter by optically pumping or electrical injection, 

predominantly relies on the structures grown by MOCVD. The studies of AlGaN UV lasers with 

MBE-grown structures are rare. 

 

1.2 Fundamental Properties of AlGaN Alloys 

III-nitride compound semiconductors, including InN, GaN, and AlN, have three crystal 

structures: hexagonal wurtzite (WZ), zinc blende (ZB), and rock-salt. All the III-nitrides in this 

thesis study have the WZ structure, which is the most stable crystal structure of III-nitrides [5]. 

Figure 1.2 shows the band energies of WZ III-nitrides, ranging from 0.7 eV in InN, 3.4 eV in GaN, 

to 6.2 eV in AlN. Moreover, they are direct bandgap materials, which are suitable for developing 

light emitters due to their fast radiative recombination rate. In this project, we mainly focus on the 

deep UV LD light emitters with high Al-content AlGaN. 
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Figure 1.2. III-nitride material system. Reproduced with permission [19]. Copyright 2016, 

Springer Nature. 

 

The Al composition of AlGaN alloys could be estimated via Vegard’s law using 

photoluminescence (PL) measurements,  

𝐸𝑔(𝐴𝑙𝑥𝐺𝑎1−𝑥𝑁 ) = (1 − 𝑥) ∙ 𝐸𝑔(𝐺𝑎𝑁) + 𝑥𝐸𝑔 ∙ (𝐴𝑙𝑁) − 𝑥(1 − 𝑥)𝐶𝐵,                                       (1.1) 

where x is the Al composition, 𝐸𝑔(𝐴𝑙𝑥𝐺𝑎1−𝑥N ) is the PL peak position under low excitation, 

𝐸𝑔(𝐺𝑎𝑁) and 𝐸𝑔(𝐴𝑙𝑁) are the respective bandgap energies of GaN and AlN, and CB is the bowing 

parameter, which is typically in the range of 0.6 to 1.3 eV [20]. In the dissertation, CB of 0.7 eV is 

used for WZ AlGaN [20].  

 Moreover, WZ AlGaN are tetrahedrally coordinated semiconductors with two different 

polarities, including group-III polarity and N polarity. The unit cell of the WZ structure with group-

III polarity is shown in Figure 1.3 (a) as an example, which contains two group-III atoms and two 

nitrogen (N) atoms [21]. The Ga(Al)-face and N-face tetrahedral WZ structures are shown in 
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Figure 1.3 (b) and (c), respectively, consisting of hexagonal close-packed group-III atoms and N 

atoms stacking up on each other. Such WZ crystal structure could be defined by the lattice 

constants a and c, and a microscopic dimensionless parameter u that denotes the length of the bond 

parallel to the 𝑐-axis. The angle between a axes is 120°, and that between a and c axes is 90°. The 

ideal WZ crystal has lattice constant ratios of c/a=1.633 and u/c=0.375 [22], respectively. The 

lattice constant of WZ AlGaN could be calculated based on Vegard’s law,  

𝑎𝐴𝑙𝐺𝑎𝑁 = 𝑎𝐴𝑙𝑁 ∙ 𝑥 + 𝑎𝐺𝑎𝑁 ∙ (1 − 𝑥),                                                                                                       (1.2) 

            

Figure 1.3. (a) The Al(Ga)N WZ unit cell structure with group-III polarity. The WZ structure of 

Al(Ga)N with (b) group-III polarity and (c) N polarity, respectively. Note that the growth 

directions related to (b) and (c) are along the 𝑐-axis. 

The noncentrosymmetry of the WZ structure results in a unique spontaneous polarization 

(𝑃𝑠𝑝), which can exist even without strain. For example, in a Ga(Al)-face WZ structure that is 
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grown with Ga top, as reflected in Figure 1.3 (b), each N atom is tetrahedrally bound to four Ga 

atoms. Due to the large electronegativity of N than Ga, it can be considered that the N and Ga 

atoms exhibit respective anionic and cationic characteristics. This results in total electric dipole 

moments along the [0001̅] direction. As a result, strong 𝑃𝑠𝑝 occurs in the same direction along the 

[0001̅] direction, marked by the red arrow in Figure 1.3 (b). Vice versa, the N-face WZ structure 

is grown with N top, but 𝑃𝑠𝑝  is also along the [0001̅] direction, as shown in Figure 1.3 (c). 

However, it is noted that the growth directions related to Figure 1.3 (b) and (c) are all along the 

𝑐-axis, so 𝑃𝑠𝑝 is flipped with respect to the 𝑐-axis. 

 For WZ AlGaN alloys, taking group-III polarity as an example, the 𝑃𝑠𝑝 (in C/m2) can be 

expressed as [23, 24], 

𝑃𝐴𝑙𝑥𝐺𝑎1−𝑋𝑁
𝑠𝑝 = 𝑃𝐴𝑙𝑁

𝑠𝑝 ∙ 𝑥 + 𝑃𝐺𝑎𝑁
𝑠𝑝 ∙ (1 − 𝑥) + 0.019𝑥(1 − 𝑥),                                                       (1.3) 

where the first two terms in Equation (1.3) are the linear interpolation of 𝑃𝑠𝑝 between AlN and 

GaN, where 𝑃𝐴𝑙𝑁
𝑠𝑝

= -0.09 C/m2 and 𝑃𝐺𝑎𝑁
𝑠𝑝

 = -0.034 C/m2. The negative values of  𝑃𝑠𝑝 indicate that 

the directions of 𝑃𝑠𝑝 are in the opposite direction of the 𝑐-axis [21, 24]. The last term is the so-

called bowing, and the higher-order terms are neglected. 

 Besides 𝑃𝑠𝑝 , the WZ AlGaN alloys can also show the piezoelectric polarization (𝑃𝑝𝑧), 

resulting from the tensile and compressive strain (𝜀) due to the lattice mismatch between different 

epitaxial materials. The basal strain can be expressed as follows [21, 23], 

𝜀(𝑥) = [𝑎𝑏𝑢𝑓𝑓𝑒𝑟 − 𝑎(𝑥)]/𝑎(𝑥),                                                                                                              (1.4) 

where 𝑎𝑏𝑢𝑓𝑓𝑒𝑟 and 𝑎(𝑥) are the a lattice constants of the unstrained GaN (or AlN) buffer layer and 

AlGaN epilayer grown on top, respectively.  

 Similarly, such 𝑃𝑝𝑧 (in C/m2) of WZ AlGaN alloys can be expressed as, 
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𝑃𝐴𝑙𝑥𝐺𝑎1−𝑋𝑁
𝑝𝑧

= 𝑃𝐴𝑙𝑁
𝑝𝑧

∙ 𝑥 + 𝑃𝐺𝑎𝑁
𝑝𝑧

∙ (1 − 𝑥),                                                                                    (1.5) 

where 𝑃𝐴𝑙𝑁
𝑝𝑧  and 𝑃𝐺𝑎𝑁

𝑝𝑧
  are the strain-dependent bulk 𝑃𝑝𝑧 of AlN and GaN. Based on Equation (1.4) 

and taking the case of unstrained GaN buffer as an example, 𝑃𝑝𝑧 of strained AlN and relaxed GaN 

grown on top can be represented as follows [25], 

𝑃𝐴𝑙𝑁
𝑝𝑧 = −1.808𝜀 + 5.624𝜀2 for 𝜀 < 0,                                                                                                     

𝑃𝐴𝑙𝑁
𝑝𝑧 = −1.808𝜀 − 7.888𝜀2 for 𝜀 > 0,                                                                                                 (1.6) 

𝑃𝐺𝑎𝑁
𝑝𝑧 = −0.918𝜀 + 9.541𝜀2. 

In terms of group-III polarity AlGaN, when the AlGaN epilayer is under compressive strain 

(𝜀 < 0), 𝑃𝑝𝑧 is oriented along the 𝑐-axis direction; when the AlGaN epilayer is under tensile strain 

(𝜀 >0), 𝑃𝑝𝑧 is pointing towards the opposite direction of the 𝑐-axis. If the polarity flips to N polarity, 

the 𝑃𝑝𝑧 changes its signs accordingly. Figure 1.4 demonstrates the signs of 𝑃𝑝𝑧 for strained and 

relaxed AlGaN/GaN heterostructures, with respective group-III and N polarity, as an example [26]. 

In addition, the corresponding polarization induced sheet charge densities (σ) at the interface are 

also presented. 

The total polarization of WZ AlGaN alloys is the sum of 𝑃𝑠𝑝 and 𝑃𝑝𝑧 : 

 𝑃𝐴𝑙𝑥𝐺𝑎1−𝑋𝑁
𝑇𝑜𝑡𝑎𝑙 = 𝑃𝐴𝑙𝑥𝐺𝑎1−𝑋𝑁

𝑠𝑝 + 𝑃𝐴𝑙𝑥𝐺𝑎1−𝑋𝑁
𝑃𝑧 .                                                                                    (1.7)       

The corresponding WZ AlN and WZ GaN parameters used in the dissertation can be found 

in Ref. [20]. The application of the unique electric polarization properties of III-nitrides will be 

discussed in Chapter 7. 
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Figure 1.4. Directions of spontaneous and piezoelectric polarization of strained and relaxed 

AlGaN/GaN heterostructures with respective group-III and N polarities, together with the 

polarization induced sheet charge density at the interface labeled. Reproduced with permission 

[26]. Copyright 1999, AIP Publishing. 

 

1.3 Molecular Beam Epitaxy of AlGaN 

In the 1960s, Bruce Joyce and co-workers at Plessey Labs deposited homoepitaxial Si films 

using the molecular beam of saline on heated Si (111) substrates [27-29]. In the 1970s, the term 

“molecular beam epitaxy” was created by Cho et al. in the Proceedings of the Third International 

Symposium on GaAs and Related Compounds [30, 31], which denotes the compound 

semiconductor epitaxial growth process that involves the reaction of multiple thermal molecular 

beams at crystalline surface under an ultrahigh vacuum (UHV) environment. 



9 

 

Since then, MBE has been widely used in compound semiconductor growth, including 

group-IV, group III-V, group II-VI, and group-III nitride materials. Today, two major types of 

MBE systems have been used for III-nitrides, i.e., ammonia MBE and plasma-assisted MBE 

(PAMBE). The difference lies in their way of generating active N species, where the former uses 

ammonia gas injectors and the latter uses plasma sources. 

 

1.3.1 MBE in this Thesis Study 

 In this project, we used the Veeco GENxplor PAMBE system, and the corresponding 

schematic is shown in Figure 1.5. The MBE system contains three vacuum chambers, including a 

load lock chamber, a buffer chamber, and a growth chamber. Cleaned wafers are loaded into/taken 

out of the load lock chamber. A buffer chamber is a “buffer” between the load lock chamber and 

the growth chamber, as suggested by its name. Wafer outgas is performed in the buffer chamber, 

in order to maintain the UHV environment of the growth chamber.  

 

 

Figure 1.5. Schematic of the Veeco GENxplor PAMBE system used for this thesis study [32]. 
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Regarding III-nitride growth, the group-III metal sources are provided from crucibles in 

the Knudsen cells, from where the materials are thermally evaporated as molecular/atomic beams 

onto the rotated and heated substrate surface to form semiconductor epitaxial layers. The active N 

species are provided via the radio-frequency (RF) plasma nitrogen source.  

 In addition, reflection high-energy electron diffraction (RHEED) is used for in situ 

monitoring during the growth. Figure 1.6 demonstrates the schematic diagram of the RHEED 

geometry. The RHEED gun emits high-energy electrons that strike on the wafer surface at a low 

angle of around 0.5-2.5°. Then, the diffracted electrons strike on a phosphor screen and form the 

RHEED pattern, through constructive interference. It is also noted that electrons could only 

penetrate a few Å into the sample, thus RHEED is more surface sensitive. To date, RHEED is 

considered as one of the most important in situ monitoring methods and widely used to calibrate 

the growth condition in real time via the feedback shown on the phosphor screen for the surface 

morphology.  

 

Figure 1.6. Schematic diagram of the RHEED geometry. 

 



11 

 

1.3.2 Advantages of MBE for AlGaN  

As mentioned earlier, the majority of UV AlGaN lasers are developed by MOCVD, and 

the research on AlGaN UV lasers by MBE is rare. Compared to MOCVD, MBE offers several 

advantages in terms of AlGaN epilayer growth. 

First, MBE system typically operates under the UHV environment (base pressure of 10-11 

to 10-12 Torr), which could minimize any impurity incorporation. Moreover, the use of ultrahigh 

purity source materials (6N5 and above) further reduces potential impurity incorporation. 

Second, MBE is able to control the substrate and each source temperatures separately, 

which can provide excellent control on the heterointerface properties. Furthermore, recent studies 

also suggest that MBE may favor p-type dopant, magnesium (Mg), incorporation [33, 34], which 

is beneficial for electrically injected light-emitting devices with high Al-content AlGaN alloys. 

Unlike MOCVD and other growth techniques, MBE growth of AlGaN epilayers only requires a 

substrate growth temperature of around 800 ℃ [35-39], whereas MOCVD technique usually needs 

higher temperatures of 1000-1200 ℃ [15, 16, 40, 41]. 

Furthermore, the MBE system contains a unique RHEED component that allows in situ 

growth monitoring, whereas MOCVD does not have such an in situ growth monitoring capacity. 

Patterns obtained from RHEED in general can be correlated to the surface properties of the grown 

AlGaN epilayers; therefore, monitoring RHEED patterns allows instantaneous adjustment of the 

growth parameters. For example, for AlGaN epilayers grown under metal-rich conditions, when 

the growth enters strongly metal-rich conditions (droplet regime, metal/N flux ratio >> 1), Ga 

droplets could be formed on the wafer surface due to excess metal flux accumulation. This yields 

a dim RHEED pattern with hardly visible streaks due to the coverage of metal droplets [42]. 

However, other reasons could also lead to the dim RHEED pattern. On the other hand, N-rich 
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conditions (metal/N flux ratio < 1) typically yield pitted and rough surface morphologies and 

correlate to spotted RHEED patterns, suggesting the possible existence of a three-dimensional (3D) 

growth mode [43]. However, it should be noted that N-rich conditions can also produce relatively 

smooth III-nitride epilayers. Lastly, it is worth noting that despite the convenience of the RHEED 

monitoring during the epitaxy process, due to the complexity of RHEED patterns, thorough 

analysis is often required in order to adjust parameters properly. 

 

1.4 Contributions of this Thesis Work 

In this dissertation, we follow the track of MBE-grown AlGaN on foreign substrates, such 

as Si and sapphire. For AlGaN on Si, the shortest wavelength of electrically injected lasing is still 

in the near UV regime, with lasing wavelength at around 390 nm [44], due to fundamental material 

challenges (discussed in Chapter 2). The research in this dissertation demonstrates a novel method 

of growing AlN thin films on Si, through exploiting the low Al adatom migration and the N-rich 

environment on a GaN nanowire template [45], which improves the material quality for AlN on Si 

and provides high quality templates for AlGaN epilayers on top. The research in this dissertation 

further demonstrates MBE-grown AlGaN epilayers on Si using such nanowire-assisted AlN 

template on Si and UV light emission on Si [46]. To understand the optical quality of such AlGaN 

epilayers, a systematic study on the IQE is carried out. Compared to the IQE of bulk AlGaN 

epilayers on sapphire, the IQE of AlGaN epilayers presented in this thesis work is significantly 

improved.  

The research in this dissertation also demonstrates, for the first time, deep UV lasing from 

MBE-grown AlGaN on sapphire, with clear lasing evidence. The lasing wavelength is around 

298 nm, with a lasing threshold of 950 kW/cm2 [47]. The research in this dissertation further 
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studies the correlation between point defects and lasing threshold, reducing the lasing threshold to 

530 kW/cm2 at 287 nm [48]. Towards the electrically injected laser devices, the research in this 

dissertation further proposes a novel AESL-EBL, which can not only improve the carrier injection 

into the device active region but also minimize the optical loss related to doping.  

 

1.5 Thesis Outline  

Chapter 1 provides an introduction to the fundamental properties of AlGaN alloys, MBE 

system and advantages of MBE for AlGaN, as well as the motivation of this thesis study. Chapter 2 

provides a literature review of the state-of-the-art AlGaN lasers by both optical pumping and 

electrical injection, and the underlying challenges including material quality, p-type doping, 

optical and carrier confinement, transverse electric (TE)/transverse magnetic (TM) polarization, 

and difficulties related to device fabrication. 

Chapter 3 and Chapter 4 describe the high quality nanowire-assisted AlN template on Si 

and IQE study of AlGaN epilayers on Si using such AlN templates. These studies are published in 

Crystal Growth & Design and ECS Journal of Solid State Science and Technology, respectively. 

Chapter 5 and Chapter 6 demonstrate optically pumped 298 nm and 287 nm AlGaN DH lasers on 

sapphire substrates, respectively; and both are published in Physics Status Solidi B. In Chapter 7, 

the design of AESL-EBL on improving the carrier transport for the electrically injected AlGaN 

deep UV lasers on sapphire is presented. The work is published in IEEE Journal of Quantum 

Electronics. Chapter 8 concludes this thesis and discusses the further work. 
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Chapter 2  

Overview of AlGaN UV Lasers 
 

 

2.1 Current Status of AlGaN UV Lasers 

The research on III-nitride UV lasers started in the 1970s [5, 49]. The first stimulated 

emission was achieved from the single-crystal needles of GaN at low temperature (LT) by Dingle 

et al. in 1971 [50]. Further using GaN thin films, room temperature (RT) lasing was demonstrated 

by Amano et al. in 1990 [50, 51]. Later on, tremendous efforts have been put into developing 

optically pumped AlGaN UV lasers on sapphire [52-68] and AlN [69-75]. Significant progress has 

been made, with AlGaN grown by both MOCVD and MBE. As shown in Figure 2.1, to date, the 

lasing thresholds of optically pumped AlGaN UV lasers have been successfully reduced to as low 

as 6 kW/cm2 on native AlN substrates [69, 70], and to around 100 kW/cm2 on sapphire [53, 58, 63, 

64].  

 

Figure 2.1. The threshold power density of optically pumped AlGaN thin-film UV lasers as a 

function of the lasing wavelength on AlN [69-75] and sapphire [52-68], respectively. 
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In contrast, the development of the electrical injected AlGaN UV LDs is much slower. The 

first violet III-nitride LD was realized by Nakamura et al. in 1996 [76]. Since then, Akasaki et al.  

reported the first UV indium gallium nitride (InGaN) LD in 1996 with a lasing wavelength of 

376 nm [51], and Nakamura et al. further fabricated the first GaN UV LD in 2001, lasing at 

366.9 nm [77]. The shortest wavelength of AlGaN electrically driven LDs had been stuck in the 

UVA range (336 nm) [16] for a decade until the recently reported 271.8 nm deep UV lasers on 

AlN substrates in 2019 [18]. Later on, although various techniques have been developed to solve 

the challenges for AlGaN deep UV LDs (discussed in detail in Section 2.2), the threshold current 

density was still relatively high compared to blue LDs and limited to above 10 kA/cm2. Moreover, 

continuous-wave (CW) AlGaN LDs were only achieved in the UVA range [11, 78-80].  

It was not until very recently (2022) that the first LT and RT CW operation of deep UV 

AlGaN LDs were reported by Zhang et al. using AlN substrates, with lasing wavelengths at 

274.8 nm and 274 nm, respectively [81, 82]. The corresponding threshold current densities were 

further reduced to 3.7 kA/cm2 and 4.2 kA/cm2, respectively [81, 82]. Figure 2.2 summarizes the 

lasing wavelength of electrically injected AlGaN UV LDs as a function of the threshold current 

density in different UV ranges. It is also worth noting that these developments are all based on 

MOCVD-grown AlGaN laser structures.  
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Figure 2.2. The threshold current density of the electrical injected AlGaN thin-film UV lasers as 

a function of the lasing wavelength on AlN [81-84] and sapphire [13, 15, 16, 51, 70, 79, 85-92], 

respectively. Note: AlGaN nanowire UV lasers are not shown in this plot. 

 

2.2 Key Challenges for AlGaN Deep UV Lasers 

In this section, several key impediments in the development of AlGaN deep UV lasers are 

discussed, including the poor material quality, difficulties in p-type doping, low electrical and 

optical confinement, TE/TM polarization, as well as device fabrication challenges. Among those, 

most of the challenges are originated from the intrinsic properties of AlGaN alloys. 

 

2.2.1 Substrates  

To realize deep UV AlGaN LDs, high crystalline quality AlGaN epilayers are necessary to 

support light propagation, confinement, and charge carrier injection into active regions. To date, 

the majority of the current AlGaN deep UV LDs were achieved either on native AlN substrates or 

on sapphire substrates. As mentioned earlier in section 2.1, the lowest lasing thresholds of AlGaN 
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deep UV lasers, both under optical pumping [69] and electrical injection [81], were realized on 

native AlN substrates. This is mainly attributed to the relatively small lattice mismatch (~2.4%) 

between AlGaN epilayers and AlN substrate, as well as the availability of AlN substrates with low 

TDDs (<104 cm-2) [93], contributing to the growth of high quality Al-rich AlGaN epilayers. 

Nevertheless, such native AlN substrates are extremely costly with a limited wafer size (2 inches) 

[10], making them impractical for mass fabrication, at least at the time of this thesis writing.  

Compared to the widely used sapphire and AlN substrates, Si substrates offer a few 

advantages, such as low cost, large wafer size (12 inches), excellent electric and thermal 

conductivity, Si-based electronics integration, as well as mature processing technologies [94, 95]. 

Therefore, it is still of great interest to develop AlGaN deep UV lasers on Si. Nonetheless, to date, 

there has been no deep UV laser demonstration on Si using AlGaN epilayers. This is mainly limited 

by the large lattice mismatch between hexagonal high Al-content AlGaN alloys and Si (111), 

among others. The comparison of AlN, sapphire, and Si substrates is listed in Table 1 [10, 96]. 

 

Table 1. Comparison of AlN, sapphire, and Si substrates [10, 96]. 

 a-axis 

(Å) 

c-axis 

(Å) 

Mismatch 

to GaN 

Mismatch 

to AlN 

Thermal 

conductivity 

(Wcm-1K-1) 

UV 

transparency 

Price 

AlN 3.112 4.982 2.4% 0% 2.1 Yes $$$$ 

Sapphire 4.765 12.982 16% 13% 0.23 Yes $$ 

Si  3.840 3.136 17% 19% 1.6 No $ 

 

In general, the large lattice mismatch between the foreign substrates, such as sapphire and 

Si, and AlGaN epilayers, could lead to high TDDs of 1010 cm-2 [97] in the AlGaN epilayers and 

even crack formation [98-101], particularly the case for AlGaN grown on Si substrates. 
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Consequently, the optical and electrical performance of the device will be significantly degraded. 

As shown in Figure 2.3, a reduction in TDDs, acting as nonradiative recombination centers, could 

lead to a dramatic increase in the IQE of AlGaN multiple quantum wells (MQWs) on sapphire 

substrates, which is critical to the realization of highly efficient and low threshold deep UV AlGaN 

lasers.  

 

Figure 2.3. IQE of AlGaN MQWs on sapphire substrates as a function of dislocation densities at 

low excitations with a carrier density of 1×1018 cm-3. The solid line is the theoretical curve 

calculated by the model described in Ref. [102]. Reproduced with permission [97]. Copyright 2008, 

IOP Publishing. 

 

Therefore, researchers have developed various approaches to reduce TDDs, in order to 

achieve high crystalline quality AlGaN epilayers, including the utilization of AlN buffer layers 

[44, 53, 58, 61, 66, 94], introducing superlattices [58, 63, 66, 95, 101, 103] and graded AlGaN 

buffer layers [44, 53, 104], lateral epitaxial overgrowth (LEO) [62, 105, 106], and implementation 

of patterned substrates [68, 106-109]. Consequently, the TDDs of AlGaN epilayers on sapphire 
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and Si substrates have been successfully reduced to the low-108 cm-2 [61, 105, 110] and mid-

108  cm-2 [44, 111] ranges, respectively.  

Apart from the TDDs reduction, controlling point defects is equally important. Point defect 

act as a radiative recombination center and could be a more severe issue, especially for AlGaN 

deep UV lasers with high Al compositions. It has been reported that an increase in impurity 

incorporation and native defect generation, e.g., vacancies, is observed along with the increase in 

Al composition [2, 112-116]. By controlling point defects, Kirste et al. have successfully achieved 

the lowest threshold (6 kW/cm2) AlGaN deep UV lasing on native AlN substrate under optical 

pumping [69].  

 

2.2.2 N- and P-type Doping for Al-rich AlGaN 

Highly conductive n- and p-type AlGaN epilayers are essential to achieve high current 

density in order to reach population inversion for lasing. Therefore, the electrical doping of AlGaN 

epilayers has been intensively studied in the past decades. Si is the most commonly used n-type 

dopant for III-nitrides, which provides a relatively low donor ionization energy ( 𝐸𝑑 ), only 

increasing slightly from ~15 meV in GaN to ~50 meV in AlGaN epilayers with Al contents below 

0.8 [2, 117]. Accordingly, the highest electron concentration up to around 4×1019 cm-3 has been 

achieved in n-AlGaN (x < 0.8) by both MOCVD [118] and MBE [119], together with resistivities 

of around 3-4 mΩ·cm and electron mobilities of around 40-50 cm2/Vs.  

Nevertheless, once the Al content in AlGaN exceeds 0.8, 𝐸𝑑 experiences a drastic increase 

to around 300 meV in AlN [2, 117]. This phenomenon is partially ascribed to the formation of DX 

centers (a donor-defect complex that undergoes a large lattice relaxation [120]), with formation 

energy increases from 63 meV for x = 0.79 to 240 meV for x = 1 [121, 122], leading to a drastic 
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increase in the resistivity of n-AlGaN for x > 0.8, which makes it especially challenging for the 

development of AlGaN deep UV lasers with lasing wavelength below 250 nm.  

Achieving sufficient p-type conduction in AlGaN epilayers is even more challenging. Mg 

is the most commonly used p-type dopant for III-nitrides. Although its acceptor ionization energy 

(𝐸𝑎) is smaller compared to other p-type dopants, such as Zinc (Zn) and Calcium (Ca), a large 

energy is still needed to activate Mg dopant. The 𝐸𝑎  of Mg typically increases with the Al 

composition, ranging from ~200 meV in GaN to ~500 meV in AlN [123, 124]. Consequently, only 

a small fraction of Mg generates free holes, especially in the case of Al-rich AlGaN, leading to 

poor p-type conduction at RT. In most literatures, the reported RT hole concentrations from Al-

rich bulk AlGaN films are in general still below 1018 cm-3, together with resistivity values in the 

range of tens to thousands of Ω·cm and low mobility values on the order of 1-3 cm2/Vs [125-129].  

Various solutions have been explored to improve hole concentrations of Al-rich AlGaN. 

One approach is to introduce Mg-doped short-period superlattices (SPSLs) [130]. Hole 

concentrations as high as around 3.4×1018 cm-3, resistivity of 6.5 Ω·cm, and mobility around 

0.3 cm2/Vs have been achieved in AlN/ Al0.75Ga0.25N SLs with a high average Al content of 0.8 

[130]. Another method, widely implemented in AlGaN LDs, is the distributed polarization doping 

(DPD) method [131, 132]. Hole concentrations of 4.2 ×1017 cm-3 and 4.5×1018 cm-3 have been 

achieved in the undoped-DPD layer with average Al content of 0.86 [132] and Mg-doped DPD 

layer with average Al content of 0.68 [131], respectively. Recently, interface doping effect has 

also been studied in p-type AlGaN [133, 134]. A low resistivity of 6.94 Ω·cm, with hole 

concentration of 1.52×1018 cm-3 and mobility of 0.57 cm2/Vs, has been reported in bulk Mg-doped 

Al0.6Ga0.4N on sapphire, with Mg doping concentration of ~7×1019 cm-3 [133].  
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Moreover, besides the relatively large 𝐸𝑎 of Mg dopant, the co-doping effect from native 

point defects and impurities is another limiting factor for sufficient p-type conduction. These 

defects influence the availability of Mg dopants contributing to free holes [112, 113, 116, 135]. 

By controlling the co-doping effect, a low resistivity of 10 Ω·cm has been achieved recently in 

heavily Mg-doped (5×1019 cm-3) bulk Al0.6Ga0.4N on AlN, with a hole concentration around 

3×1018 cm-3 and mobility around 0.2 cm2/Vs [126]. 

 

2.2.3 Unbalanced Carrier Distribution  

Excellent charge carrier transport is another prerequisite for achieving AlGaN deep UV 

LDs. However, WZ AlGaN alloys have a relatively large effective mass of holes, ranging from 

0.46 m0 in GaN to 2.7 m0 in AlN [123], compared to that of electrons, increasing from 0.2 m0 in 

GaN to 0.3 m0 in AlN [20]. Lower hole mobilities than electron mobilities are expected in AlGaN 

epilayers. Thereby, highly unbalanced carrier distribution in the active region and electron 

overflow could occur, which is particularly the case for the device structures with high Al contents, 

significantly limiting the charge carrier density in the device active region and making it 

impossible to reach transparency condition.  

To mitigate this issue, various approaches have been investigated in the past. One way is 

to insert a thin bulk electron blocking layer (EBL) with high Al composition between the active 

region and p-type injection layers [136-147]. However, such bulk EBL could also simultaneously 

block hole injection. Therefore, different EBL designs have been demonstrated to take care of the 

hole transport in the meantime, including graded EBL (GEBL) [138-140, 143] and superlattice 

EBL (SL-EBL) [136, 144, 148, 149]. Moreover, other techniques such as band engineering of last 

quantum barrier (LQB) [150-152], insertion of SPSLs structures [130, 153-155], DPD method [18, 
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124, 156-158], and implementation of tunnel junctions (TJs)  [159-169] have also been widely 

studied both theoretically and experimentally. 

In addition to the strategies mentioned above, hot hole generation is another way to 

improve hole injection. By utilizing the favorable electric polarization, holes can gain additional 

kinetic energies when traveling through the p-region and accelerate the transport process. A 

detailed discussion on the hot hole effect will be presented in Chapter 7.  

 

2.2.4 Optical Confinement and Polarization 

Even though balanced charge carrier transportation could be achieved via band engineering, 

this does not mean such doping concentrations can be used in an AlGaN deep UV LD structure. 

This is because a high doping can cause a high optical loss. A low doping, however, makes it 

difficult to obtain high p-type conductivity. As such, the trade-off between electrical conduction 

and optical loss is obvious. Moreover, from the optical confinement viewpoint, since the refractive 

index contrast for AlGaN alloys is relatively small, thick Al-rich p-AlGaN regions are typically 

required to ensure proper optical confinement. This creates several issues, such as decreased p-

type conductivity, higher optical loss due to both UV light absorption and Mg induced scattering 

loss. Therefore, a careful design is required.  

To further move on to even shorter lasing wavelengths, the optical polarization switching 

from TE to TM becomes another bottleneck. Today, it has remained challenging to achieve AlGaN 

QW with TE-polarized light emission for wavelengths shorter than 250 nm [3, 60]. As the Al 

content in AlGaN alloy increases, the emission changes from TE polarization to TM polarization, 

due to the difference in crystal-field splitting between GaN and AlN [170]. It is also reported that 

the TE gain of AlGaN QWs decreases as Al content increases, whereas the TM gain shows an 



23 

 

opposite trend, attributed to the strong mixing of the light-hole (LH) and crystal-field split-off (CH) 

sub-bands [171]. Nevertheless, the TM-polarized light penetrates deeper into the p-type region of 

a laser structure than the TE-polarized light does [3], giving a higher optical loss. Therefore, to 

achieve deep UV lasing, TE polarization is preferred, especially for low threshold deep UV lasing.   

Ultrathin GaN can be a potential solution to achieve TE-polarized light below 250 nm, due 

to the larger separation between heavy-hole (HH)/LH and CH sub-bands [172-174]. The light 

emission comes from the dominant conduction (C) to HH sub-band transitions, instead of C-CH 

transitions in conventional AlGaN structures with high Al contents. Using MBE-grown ultrathin 

GaN/AlN heterostructures, 226 nm TE-polarized light emission has been reported by Bayerl et al. 

[175]. 

 

2.2.5 Challenges in Fabrication 

In order to realize efficient electrical injection, ohmic contact is necessary. Nevertheless, 

the commonly available metal does not have proper work function to enable ohmic contact to large 

bandgap AlGaN alloys. Moreover, the poor p-type conduction of AlGaN makes it even more 

challenging to realize ohmic contact with high Al-content p-AlGaN. Therefore, a common strategy 

is to grow a thin degenerately doped p-GaN contact layer on top, providing a desired specific 

contact resistance (𝜌𝑐) in the range of 10-5 to 10-6 Ω·cm2 [176]; unfortunately, this is at the cost of 

high UV absorption. To overcome the p-contact issue, low resistive TJs, ending with n-AlGaN 

contact layers, could be a suitable solution [168, 177, 178]. In contrast to contacts to p-layers, low 

𝜌𝑐 to n-AlGaN has been achieved, with a value of 10-6 Ω·cm2 for x < 0.8 and 10-3 Ω·cm2 for x > 0.8 

[2]. 
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Furthermore, reliable cleaving along the m-plane and facet coating with highly reflective 

mirrors, e.g., HfO2/SiO2, are typically required in the LD fabrication process, as the naturally 

cleaved facet only provides a reflectivity of ~19% [10, 18, 81, 82]. Nonetheless, due to the 

hardness of sapphire and AlN substrates, cracks could be easily generated on cleaved substrates 

with unfavorable cleaving planes. To mitigate this issue, approaches such as substrate lapping, 

laser scribing, cavity-end polishing, as well as dry and/or wet etching process have been reported 

[10, 59, 83, 179, 180]. However, those methods not only inevitably increase the fabrication cost 

and process time, but also suffer the risk of device performance degradation. 
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Chapter 3 

High Quality Nanowire-assisted AlN 

Template on Silicon 
 

 

 As introduced earlier, significant research progress has been made on AlGaN UV lasers 

grown on sapphire and AlN substrates [18, 53, 69, 85]. In sharp contrast, the development of 

AlGaN UV lasers on Si falls behind, despite the appealing benefits offered by Si substrates [44]. 

This is mainly ascribed to the large lattice mismatch and thermal mismatch between hexagonal 

AlGaN and Si (111) substrates, leading to high defect densities and micro cracks [108]. Therefore, 

obtaining high quality crack-free AlN on Si, as a platform for further AlGaN epilayer growth, is 

necessary towards the realization of AlGaN UV lasers on Si. 

In this Chapter, we report smooth and nearly strain-free AlN thin film on a GaN nanowire 

template on Si, through the coalescence of AlN, by MBE in the N-rich environment. Lattice 

mismatch induced strain was largely relaxed during the nanowire growth stage, with dislocations 

mainly localized around the coalescence boundaries. High quality crack-free AlN thin film was 

obtained beyond the coalescence region.  

 

 

3.1 Manuscript 

 The following manuscript was published in Crystal Growth & Design (X. Yin, Q. Zhang, 

and S. Zhao, "Molecular Beam Epitaxial Growth of AlN Thin Films on Si through Exploiting Low 

Al Adatom Migration and the Nitrogen-Rich Environment on a Nanowire Template," Crystal 

Growth & Design, vol. 21, no. 7, pp. 3645-3649, 2021, doi: 10.1021/acs.cgd.1c00327). 

https://pubs.acs.org/doi/full/10.1021/acs.cgd.1c00327
https://pubs.acs.org/doi/full/10.1021/acs.cgd.1c00327
https://pubs.acs.org/doi/full/10.1021/acs.cgd.1c00327
https://pubs.acs.org/doi/full/10.1021/acs.cgd.1c00327
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 This manuscript represents the MBE growth of high quality and nearly strain-free 

nanowire-assisted AlN template on Si, with corresponding structural properties studied in detail. 

This work aims at providing a low-cost, highly reproducible, and rapid way to grow high quality 

AlN buffer on Si for the development of AlGaN UV lasers.  
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Molecular Beam Epitaxial Growth of AlN Thin Films on Si in the Nitrogen-rich 

Environment on a Nanowire Template 

 

Xue Yin, Qihua Zhang, and Songrui Zhao*  

Department of Electrical and Computer Engineering, McGill University, 3480 University Street, 

Montreal, Quebec H3A 0E9, Canada 

 

Abstract: In this work, we demonstrate an aluminum nitride (AlN) thin film on Si through 

exploiting the low Al adatom migration and the nitrogen (N)-rich environment on a nanowire 

template by molecular beam epitaxy. The AlN thin film is relatively smooth, and the X-ray 

diffraction experiments further suggest that the film is nearly strain free. In addition, the 

observation of 3 × reconstruction from the reflection high-energy electron diffraction suggests that 

the AlN film is N-polar, which is further confirmed by chemical etching experiments. We further 

show that, using such an AlN thin film as a buffer layer, room-temperature ultraviolet-emitting 

aluminum gallium nitride (AlGaN) epilayers at various wavelengths can be obtained on Si.   

 

Keywords: aluminum nitride, coalescence, Si, ultraviolet, molecular beam epitaxy 
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3.1.1. Introduction 

 Aluminum nitride (AlN) on silicon (Si) is an appealing platform for semiconductor 

electronic and optoelectronic devices, not only for the availability of high crystalline quality Si 

substrates at a low cost and the dominant role of Si in modern semiconductor device technologies 

but also for the technical importance of AlN for a wide range of applications, such as deep 

ultraviolet (UV) light emission (i.e., light emission wavelength less than 300 nm), high electron 

mobility transistors (HEMTs), microelectromechanical systems (MEMS), and surface acoustic 

wave (SAW) devices.1-6 Moreover, obtaining high-quality AlN on Si represents the first step 

toward III-nitrides-based electronic and optoelectronic devices on Si.7-17 For example, AlN is an 

important buffer layer for aluminum gallium nitride (AlGaN) deep UV light-emitting devices on 

Si;10-12 and it has been found that there is a direct correlation between the device performance 

improvement and the improvement in the AlN buffer layer quality.10, 11 

 In the past, various techniques have been used for the growth of AlN on Si, including 

molecular beam epitaxy (MBE), metal-organic chemical vapor deposition (MOCVD) and/or 

metal-organic vapor phase epitaxy (MOVPE), and pulsed laser deposition (PLD).9, 18-30 However, 

it remains challenging today to grow high-quality AlN thin films on Si, due to the large thermal 

and lattice mismatches between hexagonal AlN and Si (111). Different from the growth of GaN 

on Si, wherein the tensile strain can be compensated by using AlN and/or AlGaN buffer layers that 

introduce compressive strain, for the growth of AlN on Si, there are no such strain compensation 

buffer layers due to the unavailability of a material that can be grown epitaxially with a lattice 

constant smaller than that of AlN.  

 Hitherto, with the aim of obtaining high-quality AlN on Si, different approaches have been 

developed. These include applying the NH3 pulsed-flow growth mode in a MOCVD chamber,14 
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using silicon-on-insulator (SOI) wafers,26 employing Si substrates with different orientations,28 

and exploiting the lateral epitaxial overgrowth (LEO) on patterned substrates.12, 27, 30-32 Indeed, 

high-quality AlN thin films have been achieved on patterned Si.10-12, 16, 30, 32 In spite of the progress, 

the growth on patterned Si remains a costly process. Lithography and etching processes, which are 

required for the wafer patterning, add additional time and dollar cost. 

 In recent years, self-organized GaN nanowires by plasma-assisted MBE have emerged as 

an alternative path to “pattern” an Si substrate and have been used for the GaN thin film growth.33-

37 This is an appealing approach, as it is free of the lithography process and the GaN nanowire 

template could relax the large strain induced by Si in the GaN thin film. However, the GaN thin 

films obtained often show rough surfaces with noticeable three-dimensional (3D) features. 

Moreover, there have been no studies of using a GaN nanowire template to grow AlN thin films 

on Si.  

 In this work, we demonstrate AlN thin film on a GaN nanowire template in a nitrogen (N)-

rich environment through the coalescence of AlN by MBE, which is different from the 

conventional approaches to grow AlN thin films on Si. Our detailed electron microscopy 

characterizations suggest that the AlN thin film is relatively smooth, drastically improved in 

comparison to GaN thin films obtained from the coalescence of self-organized GaN nanowires. X-

ray diffraction (XRD) experiments further indicate that such an AlN thin film is nearly strain free. 

Moreover, the AlN thin film is further confirmed to be N-polar. Lastly, by further using such AlN 

thin film as a buffer layer, deep-UV-emitting AlGaN epilayers have been further demonstrated on 

Si.  
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3.1.2. Experimental Section 

 In this work, the AlN sample was grown by Veeco GENxplor plasma-assisted MBE on 3-

inch Si (111) substrates. Standard solvent cleaning and hydrofluoric acid etching were performed 

before loading the substrate to the MBE system. Prior to the growth, the wafer was thermally 

outgassed in situ for 15 min. This was followed by the growth of a GaN nanowire template under 

the N-rich condition. The growth parameters for AlN thin film included a substrate temperature of 

810 ℃, a N flow rate of 1 sccm, and an Al flux of around 2×10-8 Torr.  

 The detailed structural properties were characterized by scanning electron microscopy 

(SEM) and scanning transmission electron microscopy (STEM). The specimen for the cross-

sectional imaging was prepared by a focused ion beam (FIB) etching, wherein a platinum (Pt) 

protective layer was coated on the sample surface. The XRD 2𝜃-𝜃 scan was performed to assess 

the crystalline properties of the as-grown wafer.  

 The photoluminescence (PL) experiments were performed at room temperature, with a 

213 nm pulse laser. The laser has a pulse width of 7 ns. In this experiment, the laser light was 

focused onto the sample surface by a silica focus lens, and the emitted light was collected by a 

silica focus lens from the sample surface. The collection lens was further coupled to an optical 

fiber, which was connected to a deep-UV spectrometer for spectral analysis.   

 

3.1.3. Results and Discussion  

 Figure 3.1 illustrates the conceptual growth process. First, we start the growth with a GaN 

nanowire template that is self-organized and is free of any time- and cost-consuming lithography 

and etching processes;38, 39 by optimizing the growth condition, we bring the individual GaN 

nanowires close to coalescence (Figure 3.1 (a)). Then, we start the growth of AlN. By exploitation 
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of the slow Al adatom migration, the vertical growth is reduced, which subsequently promotes the 

coalescence of AlN (Figure 3.1 (b)). In the end, beyond the coalescence region, a high-quality 

AlN thin film is obtained in the N-rich environment (Figure 3.1 (c)). 

 

Figure 3.1. (a) Schematic of the self-organized GaN nanowire template. (b) Initial growth of 

nanoscale AlN crystals on the GaN nanowire template. (c) AlN thin film obtained through the 

coalescence of AlN. 

  

 There are a few key factors that ensure the success of the above conceptual growth process. 

First, as the starting point of this approach is nanowires, the large strain induced by Si substrates 

can be well relaxed at the nanowire growth stage and high-quality nanowires on Si substrates have 

been shown previously.38, 39  

 Second, previous studies have shown that, for the nanowire coalescence process, structural 

defects are mainly localized around the coalescence boundaries, and the area beyond the 

coalescence region can have high quality.33, 35  
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 Third, we exploit the slow Al adatom migration during the AlN coalescence process. It is 

well-known that the slow migration of Al makes the growth of AlN and/or high-Al-content AlGaN 

more challenging than that of GaN, and significant efforts have been spent in improving the Al 

migration: e.g., high growth temperatures are used for the growth of AlN and/or high-Al content 

AlGaN nanowires on a GaN nanowire template.40, 41 Here we utilize the low Al migration, rather 

than work against it. In comparison to the typical growth temperature of AlN nanowires under N-

rich conditions, the growth temperature of AlN used in the present study is considerably lower.40, 

42 As such, the low Al adatom migration leads to a low vertical growth rate and promotes the 

coalescence. This also contributes to the achievement of smooth films with a small thickness.    

 At this point, it is noted that typically for the growth of III-nitride thin films, the low 

mobility of metal species leads to rough thin films. However, the growth conditions of AlN in the 

present study fall in the N-rich growth conditions of III-nitride thin films by MBE: i.e., the use of 

a relatively high substrate temperature and higher N flux in comparison to the flux of metal species. 

It has been shown previously that N-rich conditions can lead to smooth III-nitride thin films by 

MBE. 43 Separately, it is also noted that, hitherto, III-nitride thin films grown by MBE are 

predominantly under metal-rich conditions, and the growth in N-rich condition is rare. 

 Figure 3.2 shows the reflection high-energy electron diffraction (RHEED) patterns along 

the 〈112̅0〉 direction at different growth stages. As shown in Figure 3.2 (a), towards the end of the 

growth of the GaN nanowire template, the dots, which correspond to the 3D growth of vertically 

aligned GaN nanowires under the N-rich conditions, became connected. This indicates a high 

density of nanowires and/or the start of coalescence. After the growth of AlN was started for 

30 min, the RHEED pattern evolved into streaks, with the presence of certain spotty features 

(Figure 3.2 (b)). Towards the end of the growth, a completely streaky RHEED pattern was 
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observed (Figure 3.2 (c)), suggesting the formation of a smooth, planar thin film. Moreover, a 

clear 3 × RHEED reconstruction was observed during cooling of the wafer (Figure 3.2 (d)), 

indicating that the present AlN film is N-polar.9, 44 This is further confirmed by the potassium 

hydroxide (KOH) wet etching experiments (to be discussed).  

 

Figure 3.2. The RHEED pattern along the 〈112̅0〉 direction, taken (a) at the end of the growth of 

the GaN nanowire template, (b) 30 mins after the growth of the AlN, (c) towards the end of the 

AlN growth, and (d) during cooling down after the growth (at ~400 ℃), respectively. 

 

 We further characterized the surface morphology and structural properties of the AlN thin 

film. Figure 3.3 (a) illustrates the large-scale SEM image of the sample, manifesting that the film 

is crack-free. As further shown by Figure 3.3 (b), the film shows a relatively smooth surface, in 

contrast to the previously reported GaN thin films through the coalescence of self-organized GaN 

nanowires, which are rough and possess noticeable 3D features.33-37 This can be largely explained 

by the benefit of lower Al mobility compared to Ga during the coalescence stage, such that the 
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adverse effects of using self-organized nanowires for obtaining smooth thin films, e.g., the 

nonuniform nanowire height and the misorientation of individual nanowires with respect to the 

substrate, as encountered during the growth of GaN thin films through the coalescence of self-

organized GaN nanowires, can be largely mitigated. It is also noted that, as the GaN thin films 

through the coalescence of self-organized GaN nanowires are generally rough, it thus might not 

be practical to use such GaN thin films as the template to further grow AlN thin films. In addition, 

from the viewpoint of fabricating of deep-UV photonic devices, GaN in general needs to be 

avoided due to the absorption of deep-UV light. 

 

Figure 3.3. (a) Large-scale and (b) small-scale SEM images of the as-grown wafer, indicating an 

overall crack-free, smooth surface. (c) Cross-sectional STEM HAADF image of the wafer. The 

arrows mark exemplary coalescence boundaries. (d) Optical image of the wafer. 
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 Figure 3.3 (c) shows the cross-sectional STEM high-angle annular dark-field (HAADF) 

image of the sample, with each layer labeled. The GaN nanowire template exhibits a relatively 

uniform height and vertical alignment, as well as a strong tapering that minimizes the nanowire 

spacing and/or enables a certain degree of coalescence before the growth of AlN. This morphology 

is consistent with what is shown from the RHEED pattern (Figure 3.2 (a)). After the growth of 

AlN was started, the coalescence became more noticeable and was completed before the end of 

the growth. A few coalescence boundaries are marked by arrows. Our detailed examination further 

suggests that the average minimum thickness for the completion of coalescence is around 120 nm. 

A relatively smooth surface is also seen from the STEM image. An optical image of such an AlN 

on Si wafer is shown in Figure 3.3 (d). It is seen that the wafer is mirror-reflective (with a clear 

view of environmental elements) and uniform, without any color rings.  

 We have further investigated the crystalline properties of the AlN thin film by XRD 

experiments. Figure 3.4 is a 2𝜃-𝜃 scan over a scanning angle of 33°-37°. The two diffraction peaks 

at 2𝜃 = 34.64° and 36.00° are from GaN (002) plane and AlN (002) plane, respectively. In general, 

the 2𝜃-𝜃 scan peak position can be a rapid strain condition estimation, and the diffraction peak 

position from the AlN (002) plane indicates that the present AlN thin film is nearly free of strain.45 

As such, although the nominal thickness (including the coalescence region) of the present AlN thin 

film is around 180 nm, it could be possible to grow thicker films without cracks. The full width at 

half maximum (FWHM) of the diffraction peak from the AlN (002) plane is derived to be around 

972 arcsec (0.27°), and this FWHM broadening could be ascribed to crystal size and 

misorientation.45 
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Figure 3.4. XRD 2𝜃-𝜃 scan of the as-grown wafer. 

 

 We then examined the polarity of the AlN thin film through a KOH wet etching experiment. 

In this experiment, 45% w/w potassium hydroxide solution was diluted into 3 mol/L molar 

concentration and maintained at room temperature. After etching, deionized (DI) water was 

applied immediately to remove any residual chemicals, followed by drying with nitrogen gas. 

Figure 3.5 shows the SEM image of the wafer after KOH etching. It is seen that the AlN thin film 

surface was etched, which is a fingerprint of N-polarity.9, 46  

 

Figure 3.5. SEM image of the sample after KOH etching. 
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 In the end, we show that using such an AlN thin film as a buffer layer, AlGaN epilayers 

with different emission wavelengths can be obtained on Si. All the AlGaN epilayers were grown 

under metal-rich conditions at a substrate temperature of 720 ℃. The relatively low substrate 

temperature is to ensure the presence of a Ga metal layer at the growth front and a smooth surface. 

The thickness of the AlGaN epilayers was around 50 nm. Figure 3.6 illustrates the normalized PL 

spectra of three samples with different Al compositions. It is seen that the emission wavelengths 

at 287 nm, 307 nm, and 312 nm were obtained. The Al contents, using Vegard’s law with bandgap 

energies Eg(GaN) = 3.4 eV, Eg(AlN) = 6.2 eV and a bowing parameter of 0.7 eV,47 were further 

estimated to be around 0.37, 0.27, and 0.24, respectively. 

 

Figure 3.6. Room-temperature PL spectra of AlGaN epilayers with different Al contents grown 

on the AlN buffer layer on Si. 
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3.1.4. Conclusion 

 In summary, we have demonstrated a new approach to grow AlN thin films on Si, which 

exploits the low Al migration mobility during the coalescence stage and the N-rich growth regime 

of the film on a nanowire template by MBE. The obtained AlN thin film is relatively smooth – 

drastically improved in comparison to GaN thin films obtained from the coalescence of self-

organized GaN nanowires. XRD experiments further indicate that the film is nearly strain free. In 

comparison to the previous approaches of growing AlN thin films on Si, our approach enables 

highly reproducible low-cost and high-quality AlN thin films on Si that can be fabricated rapidly. 

With the demonstration of AlGaN epilayers with a room-temperature deep-UV emission using 

such AlN thin films as a buffer layer, as well as the N polarity of the AlN thin film that brings 

additional benefits to electronic and optoelectronic devices, such as the lower contact resistance 

and the reduced efficiency droop,48-50 this AlN on Si buffer layer technology by MBE could enable 

high-performance, highly compact, and low-cost III-nitride optoelectronic and electronic devices 

in situ on Si. 
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3.2 Further Discussions on Coalescence  

 III-nitride nanowires have been mainly studied by MBE in the past, which are formed 

through a diffusion-driven self-organized process under N-rich conditions.    Compared to their 

planar counterparts, Al(Ga)N nanowires possess a number of fundamental advantages: (1) due to 

the large surface area to bulk volume ratio, the lattice strain between Al(Ga)N nanowires and 

foreign substrates can be efficiently relaxed, leading to high-quality bulk regions; (2) the reduced 

QCSE and piezoelectric field, due to reduced strain; (3) the improved doping incorporation, due 

to enhanced surface doping of nanowires. Thus, MBE-grown Al(Ga)N nanowire could be a 

promising route to mitigate the challenges mentioned in Section 2.2.  

 In recent years, attempts have been made to high quality Al(Ga)N planar structures 

formation via spontaneous nanowire coalescence [45, 181-187]. Leveraging the advantages of 

nanowires, the lattice strain could be largely relaxed during the nanowire growth stage and the 

defects generated during the coalescence process could be localized near the coalescence 

boundaries, leading to high quality thin films beyond the coalescence region [45, 183, 184]. Self-

organized GaN nanowires have been studied to form GaN thin films on Si; unfortunately, the 

obtained GaN thin films often lead to rough surfaces with hillocks and pits [183-186], mainly due 

to the uncontrollable nanowire height, misorientation, and various sizes [187]. Even though the 

selective-area growth (SAG) method can provide better control on the nanowire growth and 

achieves nearly dislocation-free structures, it is at the cost of long processing time and additional 

fabrication costs related to the patterned substrates [188].  

 Different from the GaN nanowire coalescence process, Al has a much slower adatom 

migration compared to Ga in the N-rich environment, the vertical growth rate of AlN is much 

slower, and thus the adverse effects of using the self-organized nanowires for obtaining high 
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quality thin films, such as the non-uniform nanowire height and the misorientation of individual 

nanowires with respect to the substrate, could be potentially accommodated. Consequently, by 

exploiting the low Al adatom migration under relatively low growth temperature, high-quality AlN 

thin films that are free of hillocks and/or pits, as reflected in Figure 3.3, can be achieved via the 

AlN nanowire coalescence process. Such obtained AlN thin films could serve as potential 

templates for the future development of AlGaN-based photonic and electronic devices on Si. 
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Chapter 4 

High Internal Quantum Efficiency AlGaN 

Epilayer on the AlN Template on Silicon 
 

 

Following the successful demonstration of the smooth and nearly strain-free AlN template 

on Si, we take a further step towards the MBE growth of AlGaN epilayers on such templates. 

Moreover, we report the RT IQE study on such AlGaN epilayers, together with the analysis of the 

efficiency drop mechanism. As an indicator of the intrinsic material quality, IQE is closely related 

to the TDDs levels in the as-grown epilayers (discussed in Section 2.2). Therefore, fundamental 

studies on the IQE of AlGaN epilayers on Si are of great importance to the improvement of device 

quantum efficiency. 

 

4.1 Manuscript 

 This manuscript was published in ECS Journal of Solid State Science and Technology (X. 

Yin and S. Zhao, "High Internal Quantum Efficiency AlGaN Epilayer Grown by Molecular Beam 

Epitaxy on Si Substrate," ECS Journal of Solid State Science and Technology, vol. 10, no. 7, 

pp.076001, 2021, doi: 10.1149/2162-8777/ac0f15.). 

 This manuscript studies both structural and optical properties of MBE-grown AlGaN 

epilayers on the nanowire-assisted AlN template on Si. RT IQE of ~50% was obtained, which is 

significantly improved compared to the previously reported counterparts grown on sapphire 

substrates [189-194].  

https://iopscience.iop.org/article/10.1149/2162-8777/ac0f15/meta
https://iopscience.iop.org/article/10.1149/2162-8777/ac0f15/meta
https://iopscience.iop.org/article/10.1149/2162-8777/ac0f15/meta
https://iopscience.iop.org/article/10.1149/2162-8777/ac0f15/meta
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Abstract: We report the molecular beam epitaxy growth and characterization of aluminum 

gallium nitride (AlGaN) epilayer on an Si substrate. The AlGaN epilayer was grown on an AlN 

buffer layer through a coalescence process on a nanowire template. The AlGaN epilayer possessed 

a relatively smooth surface. The room-temperature internal quantum efficiency (IQE) was 

investigated using the power-dependent photoluminescence experiments and theoretical analysis. 

A maximum IQE of around 50% is derived, with an estimated carrier density of 3 × 1018 cm-3. 

This IQE is significantly improved compared to the previously reported bulk AlGaN epilayers 

grown on sapphire and/or AlN-on-sapphire templates. The efficiency droop mechanism is also 

discussed, which could presumably be attributed to the carrier delocalization.  
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4.1.1. Introduction 

 Over the past decades, aluminum gallium nitride (AlGaN) alloys have attracted great 

attention in developing ultraviolet (UV) phototransistors, solar-blind photodetectors, and 

semiconductor UV light-emitting devices including light-emitting diodes (LEDs) and laser diodes 

(LDs), due to their direct, ultra-wide, and tunable bandgap energies. 1-10 In fact, AlGaN-based UV 

light-emitting devices are positioned to replace conventional mercury-based UV light-emitting 

devices that have bulky size, low efficiency, and are environmental hazards.  

 Hitherto, AlGaN-based optoelectronic devices are mainly developed on foreign substrates, 

such as sapphire and AlN-on-sapphire templates. Compared with these foreign substrates, Si 

substrate has several advantages: (1) Low cost. (2) Si has excellent electrical and thermal 

conduction. (3) High-quality Si substrates are available at 12 inch at a low cost, taking the 

advantage of mature processing technologies. (4) Using Si as the substrate is an appealing route to 

the fabrication of flip-chip UV LEDs due to the easy removal of Si by wet etching. This is in 

contrast to the removal of sapphire substrates wherein the laser lift-off process can cause the 

degradation of devices.11, 12 (5) The development of AlGaN UV LEDs on Si naturally allows the 

integration to Si-based electronics. However, the growth of high-quality AlGaN epilayers on Si 

substrate remains challenging, mainly due to the large lattice mismatch and thermal mismatch 

between AlGaN and Si, which leads to materials with large defect densities and cracks.13 

 Today, different techniques have been developed to improve the material quality. The most 

common approach is to use an AlN buffer layer. The use of AlN can introduce compressive strain 

and thus compensate the tensile strain of AlGaN layers on Si,14-16 promising crack-free AlGaN 

epilayers on Si. Nonetheless, obtaining high-quality AlN buffer layers is not an easy task. Hitherto, 

different techniques have been developed, such as using superlattices (SLs),17 employing a NH3 
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pulsed-flow growth mode,18 and exploiting lateral epitaxial growth (LEO) growth techniques.13, 

19-23 These efforts have enabled AlGaN UV LEDs down to 256 nm on Si with optical output powers 

in the milliwatt range.18-21  

 Another alternative approach is to use Al(Ga)N SLs. The typical strategy is to deposit 

Al(Ga)N SLs after an AlN layer.24-26 Using AlN and AlGaN SL buffer layers, high-quality AlGaN 

epilayers have been achieved on Si.24 Alternatively, followed by a thin AlN layer, compositionally 

graded AlGaN buffer layers have also been used to develop high-quality AlGaN epilayers on Si. 

27-29 Phenomenally, with such compositionally graded AlGaN buffer layers, electrically-injected 

lasers on Si in the near UV band have been demonstrated.29  

 In spite of the progress, there are several issues of the current approaches. For example, for 

AlN buffer layers on patterned Si substrates, the patterning adds additional time- and dollar-cost 

in the wafer preparation process. Moreover, for the use of multiple buffer layers, the growth 

process typically takes a long time due to the complexity of the buffer layer structure. In addition, 

the wafer bowing induced by multiple buffer layers also affects the uniformity across the wafer 

during the growth. As such, it is desirable to reduce the complexity of the buffer layer.30, 31  

 In this work, we carry out the molecular beam epitaxy (MBE) growth and characterization 

of AlGaN epilayer on Si with a different buffer layer technology that exploits a nanowire template 

and an AlN buffer layer through a coalescence process.32 It is also noted that, compared to many 

studies on the internal quantum efficiency (IQE) of bulk AlGaN epilayers and AlGaN quantum 

wells on sapphire and/or AlN-on-sapphire templates,33-38 such studies are barely carried out for 

AlGaN epilayers on Si, which is nonetheless critical to further improve the device performance. 

Therefore, in this work, we further present a detailed study on the room-temperature IQE of bulk 
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AlGaN epilayer, including the analysis on the intrinsic IQE as a function of the excitation and the 

efficiency droop.  

 

4.1.2. Experiments 

 In this study, the AlGaN epilayer was grown by radio-frequency (RF) plasma-assisted 

MBE on n-type Si (111) substrates with a resistivity around 0.005 Ω cm or lower. The schematic 

is shown in Figure 4.1 (a), which starts with a GaN nanowire template with a thickness of around 

200 nm, followed by the growth of the AlN buffer layer through a coalescence process with a 

thickness of 250 nm, and then the final AlGaN epilayer on top with a thickness of 50 nm. Both the 

GaN nanowire template and the AlN buffer layer were grown under nitrogen (N)-rich conditions. 

The substrate temperatures for these two layers were 720 ℃ and 810 ℃, respectively. The use of 

a relatively low substrate temperature for the AlN buffer layer in the N-rich environment promotes 

the coalescence of AlN, and our previous studies have shown that using such a nanowire template 

and coalescence approach, smooth AlN thin films can be obtained.32 The AlGaN epilayer was 

grown under metal-rich condition with a substrate temperature of 720 ℃. The Ga flux and Al flux 

were 1×10-7 Torr and 2×10-8 Torr, respectively.  

 

Figure 4.1. (a) Schematic of the AlGaN epilayer grown on Si. (b) The RHEED pattern of AlGaN 

layer taken along the 〈112̅0〉 direction under metal-rich growth condition.  
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 The structural properties of the grown wafer were characterized by scanning electron 

microscopy (SEM) and scanning transmission electron microscopy (STEM), as well as X-ray 

diffraction (XRD). The specimens for the cross-sectional imaging were prepared by the focused 

ion beam (FIB) etching. A platinum (Pt) protection layer was coated on the sample surface.  

 The optical properties of the AlGaN epilayer were studied by the power-dependent 

photoluminescence (PL) experiments at room temperature. A 213 nm pulse laser, with a pulse of 

7 ns, was used as the excitation source. A neutral density (ND) filter was used to adjust the laser 

excitation power. The laser light was focused onto the sample surface through a silica focus lens, 

and the emitted light from the sample surface was also collected by a silica focus lens, which was 

further coupled to an optical fiber and a deep UV spectrometer. 

 

4.1.3. Results and Discussion 

 Figure 4.1 (b) shows the reflection high-energy electron diffraction (RHEED) pattern 

taken during the growth of the AlGaN epilayer along the 〈112̅0〉 direction. It is seen that a bright 

and streaky RHEED pattern is observed, indicating a relatively smooth AlGaN thin film under 

metal-rich condition.  

 Figure 4.2 (a) shows a cross-sectional SEM image at a large scale, highlighting the overall 

cross-sectional structure of the wafer and a relatively smooth surface. Figure 4.2 (b) shows the 

cross-sectional STEM high-angle annular dark-field (HAADF) image, with each layer labeled. It 

is seen that the coalescence of AlN is complete within the AlN buffer layer, with a few coalescence 

boundaries. The exemplary coalescence boundaries are marked by arrows. An optical image of the 

wafer is shown in Figure 4.2 (c), and no cracks can be seen. Our detailed examination further 

confirms that there are no cracks in the whole wafer.   
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Figure 4.2. (a) and (b) Cross-sectional SEM image at a larger scale and cross-sectional STEM 

image at a smaller scale of the wafer, respectively. The arrows mark the exemplary coalescence 

boundaries in the AlN layer. (c) Optical image of the wafer. 

 

 The grown wafer was further examined by XRD 2𝜃-𝜃 scans from 33° to 37°. Figure 4.3 

shows three diffraction peaks at 34.64°, 35.13°, and 36.02°, which correlate to GaN (002), AlGaN 

(002), and AlN (002) planes, respectively. Compared to the peak position of relaxed GaN (34.57°), 

the value of the present GaN layer could suggest the presence of a small in-plane tensile strain due 

to the Si substrate; on the hand, the diffraction peak position of the AlN layer is close to the relaxed 
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value (36.03°) indicating that the present AlN layer is nearly strain-free.39-42 Moreover, further 

considering the peak position of the AlGaN layer and assuming that the AlGaN layer is fully 

strained, the Al content is estimated to be 0.26. This number is consistent with what is derived 

from PL experiments (to be discussed), indirectly suggesting that the AlGaN layer is highly 

strained.   

 

Figure 4.3. XRD 2𝜃-𝜃 scan of the wafer. 

 

 The optical properties of the AlGaN epilayer were further studied by the power-dependent 

PL experiments at room temperature. Figure 4.4 (a) shows the PL spectra under different 

excitations. The emission peak is around 313 nm, from which we estimated the Al composition 

using the Vegard’s law: by assuming the bandgap energies of GaN and AlN to be 3.42 eV and 

6.2 eV, respectively, and the bowing parameter to be 0.7 eV,43 an Al composition of 0.23 was 

derived. It is also noted that the PL spectral linewidth is noticeably broader than the previously 

reported AlGaN epilayers on sapphire with similar Al contents and comparable to the linewidth of 

AlGaN nanowires, suggesting that strong compositional inhomogeneity and/or compositional 

fluctuations are present.35, 44, 45 
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Figure 4.4. (a) PL spectra of the AlGaN sample under different excitations at room temperature. 

(b) The integrated PL intensity extracted from the power-dependent PL spectra vs the power 

density.  

 

 Figure 4.4 (b) illustrates the integrated PL intensity IPL as a function of the excitation 

power density in a logarithmic scale. A slope k = 1, which corresponds to the radiative 

recombination dominated process, is also shown. It is seen the PL emission is governed by the 

radiative recombination process over a wide range of excitation powers, suggesting a high IQE 

and low density of structural defects.  
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 We next studied the excitation-dependent room-temperature IQE of the AlGaN epilayer by 

considering the Shockley–Read–Hall (SRH) nonradiative recombination (An), the bimolecular 

radiative recombination rate (Bn2), and the high-order nonradiative recombination rate (Cn3), 

where A, B, C are the respective coefficients, and n is the carrier concentration at different 

excitations. Using the steady-state approximation, the carrier generation rate G is equal to the total 

recombination rate R, i.e., G = R = An + Bn2 + Cn3. The generation rate G can be calculated 

experimentally as follows: 

𝐺 =  
𝑃𝐿𝑎𝑠𝑒𝑟(1−𝑅𝐹)𝛼

𝐴𝑠𝑝𝑜𝑡ℎ𝑣
 ,                                                                                                                                     (4.1) 

where  𝐴𝑠𝑝𝑜𝑡 (9.0 × 104 𝜇m2) is laser beam spot size, hv (5.82 eV) is the photon energy of the 

213 nm laser, PLaser is the peak pumping power under various excitations, 𝛼 (2.5 × 105 cm-1)46 is 

the absorption coefficient of the epilayer, and RF is the reflectance (18%) estimated by the Fresnel’s 

law. On the other hand, taking the integrated PL intensity IPL in the form of IPL = γBn2, where IPL 

can be extracted from the power-dependent PL spectra and γ is a fitting parameter, the carrier 

concentration can be expressed as 𝑛 = √
𝐼𝑃𝐿

𝛾𝐵
. Therefore, the generation rate G takes the form: 

 𝐺 =
𝐴

√𝐵𝛾
√𝐼𝑃𝐿 +  

1

𝛾
𝐼𝑃𝐿+ 

𝐶

√(𝐵𝛾)3
√𝐼𝑃𝐿

3 ,                                                                                                  (4.2) 

through which, parameter γ can be fitted, and IQE can be calculated via,  

 𝐼𝑄𝐸 =
𝐵𝑛2

𝐴𝑛+𝐵𝑛2+𝐶𝑛3 =  
𝐼𝑃𝐿

𝛾𝐺
 .                                                                                                                       (4.3)                             

 Figure 4.5 (a) shows the experimentally determined G as a function of IPL, extracted from 

Figure 4.4 (a), in a logarithmic scale, together with a fitting curve using Equation (4.2). It is seen 

that an excellent fitting is obtained. Figure 4.5 (b) shows the calculated IQE as a function of the 

generation rate. It is seen that a maximum IQE of around 50% is reached. This high IQE is 
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consistent with the slope suggested in Figure 4.4 (b). In the derivation of IQE with Equation (4.3), 

as A, B, and C coefficients were not involved, it thus reflects the intrinsic IQE of the present AlGaN 

epilayer. We have further estimated the carrier density at the peak IQE by taking B of 

8 × 10- 11 cm3s-1, following the recent studies for bulk AlGaN epilayers with a similar emission 

wavelength,47 which yields a carrier density n of 3 × 1018 cm-3.  

 

Figure 4.5. (a) Generation rate as a function of the integrated PL intensity. The line represents a 

fitting curve based on Equation (4.2). (b) The calculated IQE as a function of the generation rate.  

 

 This IQE is noticeably higher than the previously reported bulk AlGaN epilayers grown on 
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sapphire and/or AlN-on-sapphire templates.35, 48, 49 We attribute this IQE improvement mainly to 

the employment of the unique AlN buffer layer.   

 An efficiency droop is also seen at mid-excitations. Hitherto, compared to many studies on 

the efficiency droop of InGaN-based quantum wells and epilayers, the efficiency droop on the 

AlGaN-based materials is much less studied. Existing studies have suggested carrier delocalization, 

Auger recombination, heating effect, saturation of the radiative recombination due to the phase-

space filling, and carrier leakage as the possible mechanisms for the AlGaN-based materials and 

devices.35, 37, 50 Carrier leakage is more relevant to quantum wells and/or under the electrical 

injection, and is thus not likely related to the droop in the present study. Moreover, due to the use 

of a pulse laser, heating effect is also not likely the cause.  

 To further examine carrier delocalization, we have plotted the extracted PL peak energy 

and full width at half maximum (FWHM) as a function of the power density in Figures 4.6 (a) 

and 4.6 (b), respectively. It is seen that as the excitation increases, the PL peak energy is blue-

shifted, accompanied by a reduction of FWHM. This blueshift and FWHM narrowing are 

consistent with the electrostatic screening of the quantum-confined Stark effect (QCSE) as the 

carrier density increases;51-54 and the presence of QCSE can be attributed to the presence of 

compositional inhomogeneity and/or compositional fluctuations as indicated by the PL spectral 

linewidth (discussed earlier) and the large electric polarization fields in III-nitrides.55 

 These features are nonetheless inconsistent with carrier delocalization, in which blueshift 

and FHWM increase are expected.51, 53, 54 However, considering the broad PL spectra, 

compositional fluctuations are expected and thus carrier delocalization could contribute to the 

efficiency droop. In this case, the failure in observing a clear increasing trend of FWHM could be 

related to the strong electric polarization fields. Previous studies have shown that the strong electric 
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polarization fields could screen the observation of the FWHM increase.53, 54 

 

Figure 4.6. (a) The emission peak energy and (b) the FWHM as a function of the pumping power 

density. 

 

 Lastly, the estimated carrier density at the peak IQE is 3 × 1018 cm-3, which might indicate 

that Auger is not likely the dominant role for the droop onset. If taking the lower bound B value 

for the present AlGaN epilayer (2 × 10-11 cm3s-1), the carrier density at the peak IQE is around 

6 × 1018 cm- 3, again suggesting that Auger might not be the cause. Previous studies on the 
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efficiency droop of AlGaN epilayers on sapphire have suggested that Auger only plays a role if the 

carrier density is 1020 cm-3.35 Our present study, however, cannot rule out the saturation of the 

radiative recombination. 

 

4.1.4. Conclusion 

 In conclusion, we have performed MBE growth and characterization of AlGaN epilayer on 

Si. A special AlN buffer layer that is formed through a coalescence process on a nanowire template 

was used, and a relatively smooth AlGaN epilayer was obtained. Further combining the excitation-

dependent PL and a theoretical model, the intrinsic room-temperature IQE was derived, which is 

peaked at ~50%, with an estimated carrier density of 3 × 1018 cm-3. This IQE is significantly 

improved compared to the previously reported bulk AlGaN epilayers on sapphire and/or AlN-on-

sapphire templates, due to the use of the unique AlN buffer layer.  
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4.2 Further Discussions on Internal Quantum Efficiency 

4.2.1 Experimental Setup 

 In the PL measurements used to estimate the Al compositions and RT IQE of AlGaN 

epilayers, a 213 nm Q-switched diode-pumped solid-state (DPSS) laser, with a pulse width of 7 ns 

and a repetition rate of 100 Hz, was used. The corresponding experimental setup is shown in 

Figure 4.7. The 213 nm laser beam was focused on the sample surface through a silica focus lens, 

with a laser beam spot size of around 300 μm by 300 μm. The emitted light was collected by an 

optical fiber through a second focus lens and analyzed by a deep UV spectrometer. A neutral 

density filter was inserted before the sample to adjust different excitation powers on the sample 

surface. For the study of defect PL bands in Chapter 6, the same PL setup was used, but with a 

broad-band spectrometer to capture long-wavelength emissions from defects. 

 

 

Figure 4.7. Schematic of the PL measurement setup with a 213 nm laser. The light emission is 

collected from the top surface of the sample. 
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4.2.2 B Coefficient 

 With the obtained fitting parameter γ, the carrier concentration n could be determined by 

assuming the radiative recombination coefficient B. As such, B coefficient plays a critical role in 

understanding carrier concentration dependent efficiency. The typical radiative recombination 

coefficient B values have been reported to be in the range of 2.0 × 10-11 to 1.0 × 10-10 cm3s-1 [97, 

110, 195]. Therefore, taking the B coefficient as 2.0 × 10- 11 cm3s-1 would give the worst-case 

scenario of the carrier concentration estimation (i.e., the upper limit). In addition, recent 

comparative studies on the recombination coefficients of bulk AlGaN epilayers and AlGaN QWs 

suggest that B coefficient is Al-content-dependent [196, 197]. The corresponding suggested B 

coefficient values as a function of emission wavelength are illustrated in Figure 4.8 [197]. Thus, 

the Al composition of the bulk AlGaN epilayers and QWs should also be taken into consideration 

when choosing a proper B coefficient value for the carrier concentration calculation in this IQE 

analysis. 

 

Figure 4.8. Radiative recombination coefficient B calculated for (a) bulk AlGaN epilayers, AlGaN 

QWs with the width of (b) 1.5 nm, and (c) 2.5 nm as a function of emission wavelength. Lines are 

calculations and the thick gray line is the result predicted by the conventional model. The symbols 
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in (a) and (b) are experimental points from Ref. [196] and Ref. [198], respectively. Reproduced 

with permission [197]. Copyright 2019, John Wiley and Sons. 

 

  It is also important to note that the obtained RT IQE values based on this model [110] are 

intrinsic IQE values, which do not depend on the different combination choices of the A, B, and C 

coefficients. In other words, different groups of the coefficients A, B, and C could give equally 

good fitting in this model, making the B coefficient determines the rest (i.e., A and C coefficients) 

valid. It is also worth noting that the A coefficient is the nonradiative recombination coefficient, 

which is closely related to the TDD level of the material. As shown in Figure 4.9, with the 

determined A coefficient values, one can roughly estimate the TDD levels of the AlGaN epilayers. 

The model accuracy will be more dependent on the parameters assumed in the experimentally 

dependent generation rate calculation as well as the recombination coefficient B value chosen, as 

long as an excellent fitting is achieved. 

 

Figure 4.9. Nonradiative recombination coefficient A as a function of dislocation densities in 

AlGaN epilayers. Reproduced with permission [97]. Copyright 2008, IOP Publishing. 
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Chapter 5 

Optical Quality and Stimulated Emission of 

Optically Pumped 298 nm Laser on Sapphire 
 

 

 To date, the research of AlGaN UV lasers mainly relies on MOCVD. Compared with 

MOCVD, MBE offers several advantages such as ultrahigh vacuum and separate controls on the 

substrate temperature and source temperatures; however, deep UV lasing with MBE-grown 

AlGaN is barely reported [66]. In addition, the RT IQE of AlGaN epilayers grown by MBE is 

often estimated via temperature-dependent PL intensity that assumes the LT IQE as unity [199, 

200]; however, this is not necessarily a valid assumption [198]. 

In this Chapter, we follow the track of MBE-grown AlGaN and report the stimulated deep 

UV emission from AlGaN/AlN DH. Power-dependent PL was combined with a theoretical 

Shockley-Read-Hall (SRH) model to derive the RT IQE, which is argued to be sufficient in 

determining RT IQE [110, 192, 201].  

 

5.1 Manuscript 

The following manuscript was published in Physics Status Solidi B (X. Yin and S. Zhao, 

"Optical Quality and Stimulated Emission of Molecular Beam Epitaxy Grown AlGaN in the Deep 

Ultraviolet," physica status solidi (b), vol. 257, no. 12, pp. 2000287, 2020, doi: 

10.1002/pssb.202000287). 

This manuscript studies the optical quality and stimulated emission of AlGaN DH on 

sapphire, with a lasing wavelength of 298 nm and threshold of 950 kW/cm2. The relatively large 

https://onlinelibrary.wiley.com/doi/full/10.1002/pssb.202000287
https://onlinelibrary.wiley.com/doi/full/10.1002/pssb.202000287
https://onlinelibrary.wiley.com/doi/full/10.1002/pssb.202000287
https://onlinelibrary.wiley.com/doi/full/10.1002/pssb.202000287
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lasing threshold is mainly limited by the high TDDs resulted from the lattice mismatch with 

sapphire substrate.  
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Abstract: In this work, the optical quality and stimulated emission of aluminum gallium nitride 

(AlGaN)/AlN double heterostructure grown by molecular beam epitaxy in the deep ultraviolet 

(UV) are reported. The room temperature internal quantum efficiency at a carrier density of 

1×1018 cm-3 is around 12%, mainly limited by dislocations. For such as-grown wafers, spectral 

narrowing and nonlinearity of the light output were measured from the wafer edge, with the 

transverse-electric (TE)-polarized component becoming dominant as the excitation increases. 

With cleaving, edge-emitting lasing at 298 nm is measured, with an estimated threshold of 

0.95 MW cm-2. 
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5.1.1. Introduction 

 Aluminum gallium nitride (AlGaN) alloys, due to their direct, tunable, and ultrawide 

bandgap energies (≈3.4 – 6.2 eV), have received wide attention in the past for the development of 

semiconductor-based ultraviolet (UV) light-emitting devices, including light-emitting diodes 

(LEDs) and lasers, which are pivotal for future generation UV light-emitting technologies, for 

applications related to high-density data storage, non-line-of-sight (NLOS) communications, 

biochemical/chemical sensing, UV curving, UV spectroscopy, just to mention a few.[1-8] The main 

drive to develop AlGaN-based UV light-emitting technologies is to make compact, efficient, and 

environmental-friendly UV light sources, compared to today’s dominant UV light-emitting 

technologies which mainly rely on low and medium pressure mercury UV lamps and excimer 

lasers based on fluoride mixtures.  

Albeit several major technological hurdles, including high dislocation and defect densities 

in AlGaN epilayers, difficulty in obtaining AlGaN layers with sufficient p-type conduction as the 

Al content increases, asymmetric carrier transport induced carrier leakage, unfavorable optical and 

electrical polarizations, and small refractive index differences,[3] tremendous progress has been 

made in AlGaN UV LED and lasers by metalorganic chemical vapor deposition (MOCVD). For 

example, AlGaN quantum well (QW) deep UV LEDs with external quantum efficiencies in the 

range of 10-20% have been developed.[9-11] In contrast, however, the development of AlGaN-based 

deep UV lasers is much slower, and the majority studies focus on optically pumped AlGaN QW 

lasers.[12-17] It is not until very recently that the electrically-pumped AlGaN QW deep UV laser 

operating at 271.8 nm was achieved,[18] after the clamping of the lasing wavelength at 336 nm for 

more than one decade.[19-20]  
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Different from MOCVD, molecular beam epitaxy (MBE) offers ultra-high vacuum 

environment that could minimize impurity incorporation, as well as separate controls on the 

substrate and source temperatures and lower growth rate, which can provide excellent control on 

the heterointerface properties. In addition, recent studies also suggest that MBE may favor p-type 

dopant (Mg) incorporation,[21-22] which is beneficial for electrically injected light-emitting devices 

with high Al content AlGaN alloys. In recent years, AlGaN QW UV LEDs grown by MBE have 

been developed.[23-26] Moreover, InGaN QW lasers by MBE in the visible spectral range have also 

been reported.[27] However, comparing that many research groups have reported deep UV lasing 

using MOCVD-grown AlGaN, few groups have demonstrated deep UV lasing using MBE-grown 

AlGaN.[28-29] In addition, the room temperature internal quantum efficiency (IQE) of AlGaN 

epilayers grown by MBE is often evaluated by the temperature-dependent photoluminescence (PL) 

intensity,[30-31] assuming that the low-temperature IQE is unity, which is, however, not necessarily 

a valid assumption.[32]  

In this article, we follow the track of MBE-grown AlGaN. We first investigate the IQE of 

AlGaN/AlN double heterostructure (DH) through analyzing the room temperature power 

dependent PL intensity combining with the Shockley-Read-Hall (SRH) model, which is argued to 

be sufficient in determining the room temperature IQE.[33-35] We further show lasing in the deep 

UV from the MBE-grown AlGaN/AlN DH at room temperature. Different from the previous 

work,[28] here, we use the AlN-on-sapphire template and a thin (200 nm) AlN buffer layer, to 

reduce the growth duration for the desired structures. The as-grown wafer shows a spectral 

linewidth narrowing and nonlinearity of the light output, indicating a light amplification. Lasing 

action was measured from the cleaved wafer at 298 nm, with an estimated threshold of 

0.95 MW cm-2. In the current study, the lasing threshold is presumably mainly limited by large 
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dislocation densities, as suggested by the relatively large nonradiative recombination coefficient 

(≈5.8×108 s-1) derived from the power-dependent PL experiments and the SRH model. 

 

5.1.2. Experimental 

 The AlGaN/AlN DH was grown by radio-frequency (RF) plasma-assisted MBE on the 

AlN-on-sapphire template. Before loading the substrate to the MBE chamber, standard solvent 

cleaning was performed, followed by hydrofluoric acid etching. After an in situ thermal outgas of 

the substrate, a 200 nm thick AlN layer was grown. The growth condition included a growth 

temperature of 750 ℃, a nitrogen flow rate of 0.3 sccm, and an Al flux of 4×10-8 Torr. This was 

followed by the growth of a 100 nm thick AlGaN active layer under a growth temperature of 690 ℃, 

a nitrogen flow rate of 0.3 sccm, and Al and Ga fluxes of 1.5×10-8 and 9×10-8 Torr, respectively. 

In the end, a 20 nm thick AlN layer was grown on the top, with the growth condition similar to 

that of the bottom AlN layer. Such a structure is schematically shown in Figure 5.1 (a). Figure 

5.1 (b) shows the reflection high-energy electron diffraction (RHEED) pattern during the growth 

of the AlGaN active layer. It is seen that the streaky RHEED was captured along 〈112̅0〉 direction, 

suggesting a two-dimensional (2D) growth of the AlGaN layer under the metal-rich condition.[36] 

 
Figure 5.1. (a) Schematic of the AlGaN/AlN DH. (b) The RHEED pattern taken along 

〈112̅0〉 direction during the growth of the AlGaN layer under the metal-rich growth condition. 
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The optical quality of the AlGaN/AlN DH was examined at room temperature by a 213 nm 

laser, with a pulse width of 7 ns and a repetition rate of 100 Hz. The laser light was focused to the 

sample surface through a focus lens, and the emitted light was collected from the sample surface 

using a focus lens, which was further coupled to an optical fiber and a deep UV spectrometer.  

The stimulated emission of the AlGaN/AlN DH was studied by a Nd: YAG 266 nm laser, 

with a pulse width of 7 ns and a repetition frequency of 10 Hz, at room temperature. The normal 

incident laser beam was shaped into a rectangle by a cylinder lens, with an estimated beam size of 

0.5 by 5 mm. The optical emission was collected from the wafer edge by an optical fiber that was 

coupled to a deep UV spectrometer. In addition, a Glan-Taylor prism polarizer was inserted 

between the wafer edge and the optical fiber, to examine if there was any excitation power 

dependent optical polarization.   

 

5.1.3. Results and Discussion 

 Figure 5.2 (a) shows the peak power dependent PL spectra measured at room temperature. 

It is seen that a PL peak at around 295 nm is measured; as the excitation power increases, the PL 

peak is blueshifted. Using the PL peak position, the Al content in the AlGaN layer can be estimated 

via Vegard’s law,  

𝐸𝑔(𝐴𝑙𝑥𝐺𝑎1−𝑥𝑁 ) = (1 − 𝑥)𝐸𝑔(𝐺𝑎𝑁) + 𝑥𝐸𝑔(𝐴𝑙𝑁) − 𝑥(1 − 𝑥)𝐶𝐵,                                                                   (5.1) 

where 𝐸𝑔(𝐴𝑙𝑥𝐺𝑎1−𝑥N )  is the PL peak energy converted from the PL peak position under an 

excitation of 3.2 kW cm-2, 𝐸𝑔(𝐺𝑎𝑁) and 𝐸𝑔(𝐴𝑙𝑁) are the respective bandgap energies of GaN and 

AlN, and CB is the bowing parameter. By assuming CB to be 0.7 eV, [37-38] the Al content is 

estimated to be around 0.33.  
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                                  (a)                                                                          (b) 

Figure 5.2. (a) The PL spectra measured from 3.2 to 200 kW cm-2 at room temperature. (b) The 

integrated PL intensity as a function of the excitation power density. The emission is collected 

from the top surface. 

 

The dashed curve in Figure 5.2 (a) is a fitting curve by a single Gaussian peak to the PL 

spectrum under a peak powder density of 200 kW cm-2. It is seen that the PL spectrum can be fitted 

well. Using this approach, we obtained the integrated PL intensity (IPL) under different excitations. 

Figure 5.2 (b) shows IPL as a function of the peak power density in a logarithmic plot. A transition 

from the nonradiative recombination dominated regime to the radiative recombination dominated 

regime can be told by the slope change from k ≈1.54 to k ≈ 1.  

We then analyzed the IQE using the SRH model.[33-34, 39] At steady state, carrier generation 

rate can be linked to the recombination coefficients via,  

𝐺 = 𝑅 = 𝐴𝑛 + 𝐵𝑛2 + 𝐶𝑛3,                                                                                                                                      (5.2) 

where G represents the generation rate; R is the recombination rate; n is the carrier concentration; 

and A, B and C represent the SRH nonradiative recombination coefficient, the bimolecular 
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radiative recombination coefficient, and the higher-order nonradiative recombination coefficient, 

respectively. Further expressing IPL as IPL = γBn2, G can be written as,  

𝐺 =
𝐴

√𝐵𝛾
√𝐼𝑃𝐿 +  

1

𝛾
𝐼𝑃𝐿+ 

𝐶

√(𝐵𝛾)3
√𝐼𝑃𝐿

3,                                                                                                        (5.3) 

where γ is a fitting parameter related to the PL collection efficiency and the active region volume. 

Separately, G can be determined experimentally by,  

𝐺 =  
𝑃𝐿𝑎𝑠𝑒𝑟(1−𝑅𝐹)𝛼

𝐴𝑠𝑝𝑜𝑡ℎ𝑣
,                                                                                                                                        (5.4) 

where  𝐴𝑠𝑝𝑜𝑡 = 9.0 × 104 𝜇m2 is the spot size of the laser beam, hv = 5.82 eV is the photon energy 

of the 213 nm excitation laser, PLaser is the peak power under different excitations, 

𝛼 = 2.5 × 105 cm-1 is the absorption coefficient of the AlGaN layer, and RF = 18% is the Fresnel 

reflection, estimated through the Fresnel’s law.[40]  

Therefore, by fitting the experimentally determined G versus IPL with Eq. (3), one can 

determine A, C, and n; and the IQE can be further calculated via IQE = Bn2/G. The typical range 

for B is from 2.0 × 10-11 cm3 s-1 to 1.0 × 10-10 cm3 s-1.[33-34, 39] If taking the lower bound value of B 

(2.0 × 10-11 cm3 s- 1) and hence the lower bound of the room temperature IQE for a comparison 

purpose to the previous studies,[34, 39] the best fitting gives A = 2.9 × 108 s-1, C = 3.9 × 10-31 cm6 s- 1, 

and an IQE of ≈7% at a carrier density of 1×1018 cm-3.  

Recent comparative studies on the recombination coefficients between the thick AlGaN 

epilayers and QWs suggest an Al-content-dependent B coefficient; and for thick AlGaN epilayers 

emitting at around 295 nm, the B coefficient is suggested to be ≈8.0 × 10-11 cm3 s-1.[41, 42] Using 

this B value, the best fitting gives A = 5.8 × 108 s-1 and C = 3.1 × 10-30 cm6 s-1. The calculated IQE 

as a function of n is shown in Figure 5.3. The relatively low IQE (≈12%) at a carrier density of 

1×1018 cm-3 is limited by the relatively large nonradiative recombination coefficient A, which is 
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higher than the previously reported AlGaN QWs emitting at around 300 nm by MOCVD.[39] The 

relatively large A coefficient in the current study is mainly limited by a high density of threading 

dislocations, estimated in the range of 2 – 6 × 109 cm-2. Moreover, the large C coefficient might be 

attributed to carrier delocalization, Auger recombination, and other effects.[41, 42]   

 

 
Figure 5.3. The calculated IQE as a function of the carrier concentration. The solid curve is an 

extrapolated curve based on the derived coefficients. 

 

To examine, if there is any light amplification of the AlGaN/AlN DH, the as-grown wafer 

was further pumped by the 266 nm laser. The solid and dashed curves in Figure 5.4 (a) represent 

the transverse-electric (TE)- and transverse-magnetic (TM)-polarized light emission spectra, 

respectively. The extracted light intensity for both components is shown in the upper panel of 

Figure 5.4 (b). A nonlinearity of the light intensity for the TE-polarized component can be seen 

clearly, suggesting the presence of a light amplification; in contrast, the TM-polarized component 

has remained linear. This is also an indication that the light emission becomes more TE-polarized 

as the increase of the excitation. Moreover, as the excitation increases, the TE-polarized light 



80 

 

exhibits a noticeable narrowing (from ≈18 nm to 5 nm), as indicated by both Figure 5.4 (a) and 

the lower panel of Figure 5.4 (b). In contrast, the TM-polarized component does not exhibit a 

pronounced narrowing and the emission spectrum at the highest excitation power (≈23 MW cm- 2) 

has remained broad (≈12 nm). We have also examined the light emission collected from the top 

surface, and no light amplification was observed, further suggesting that the light amplification 

observed from the wafer edge is due to the in-plane optical gain as the light propagates. These 

features, therefore, suggest that the TE-polarized component receives a higher gain compared to 

the TM-polarized component and experiences an amplification, resembling the previously 

demonstrated optically pumped lasing from AlGaN QW structures.[12, 28, 43-46]  

 

(a)                                                         (b) 

Figure 5.4. (a) TE- (solid curves) and TM- (dashed curves) polarized components under the 

excitation power from 2.5 to 23 MW cm-2 on the as-grown wafer. TE and TM emissions were 

collected under the same excitation power. The powers are specified in the lower panel of (b). The 

emission was collected from the wafer edge. (b) The extracted light intensity and spectral linewidth 

for TE- and TM-polarized components, respectively. The dashed line is a guide for the eye. 
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We further measured the light emission from the cleaved wafer. The emission spectra under 

different excitation powers are shown in Figure 5.5. It is seen that a sharp peak around 298 nm 

appears as the increase of the excitation. The spectral linewidth reduces from around 10 nm to 

2.5 nm as the excitation increases from 0.77 to 2 MW cm-2 (inset of Figure 5.5). This linewidth 

reduction is similar to the previously reported optically pumped AlGaN QW lasers.[12, 14, 17, 44,  46]  

The lasing threshold, estimated from the L-L (light-in – light-out) curve, is around 

0.95 MW cm-2, shown by the inset of Figure 5.5. After the threshold, the light output increases 

linearly. The large threshold in the current study could be ascribed to the relatively large dislocation 

densities, as suggested by the relatively large nonradiative recombination coefficient.  

 

Figure 5.5. Emission spectra under the excitation power varying from 0.77 to 2 MW cm-2 on the 

cleaved sample at room temperature. The emission was collected from the wafer edge. The inset 

shows the integrated PL intensity and the spectral linewidth as a function of the excitation power 

density. The dashed line is a guide for the eye. 
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5.1.4. Conclusion 

 In conclusion, we have examined the optical quality of the MBE-grown AlGaN/AlN DH 

through analyzing the room temperature IQE using the power dependent PL intensity and the SRH 

model. The relatively low IQE at low injections is mainly limited by dislocations. Lasing at 298 nm 

was further measured from such AlGaN/AlN DH. The lasing threshold was estimated to be around 

0.95 MW cm-2. Further improvement can be obtained by using strategies such as using dislocation 

density filters to reduce dislocations.  
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5.2 Optical Pumping Measurements Configuration 

 The optical pumping of the laser structure as well as the polarization properties were 

studied by a fourth harmonics 266 nm Nd:YAG laser, with a pulse width of 7 ns and a repetition 

rate of 10 Hz, at RT. A cylinder lens was placed in front of the sample to shape the laser beam into 

a rectangular shape with a spot size of around 0.5 mm by 5 mm. A Glan-Taylor prism polarizer 

was inserted between the sample edge and the optical fiber. The emitted light from the sample 

edge was then collected by the optical fiber that was coupled with a DUV spectrometer. The 

schematic of the polarization-dependent PL measurement setup is demonstrated in Figure 5.6.  

 

Figure 5.6. Schematic of the PL measurement setup with a 266 nm laser. The light emission is 

collected from the edge of the sample. 

 

 For the study of the lasing characteristics of the sample, the sample was first cleaved into 

laser bars. A similar experimental setup shown in Figure 5.6 was used, but without the use of the 

Glan-Taylor prism polarizer. 
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Chapter 6 

Defect Control and Threshold Reduction of 

Optically Pumped 287 nm Laser on Sapphire 
 

 

 To achieve high efficiency and low threshold AlGaN UV lasers, both point defects and 

TDDs play critical roles. Different from TDDs, point defects not only act as nonradiative 

recombination centers that significantly reduce the quantum efficiency but also cause optical losses, 

and severely influence the lasing threshold. Nonetheless, few studies on the role of point defects 

have been carried out, particularly the case for MBE-grown AlGaN lasers. 

 In this Chapter, we study the influence of defects on the lasing threshold and quantum 

efficiency, with a main focus on the role of point defects.  

 

6.1 Manuscript  

 The following manuscript was published in Physics Status Solidi B (X. Yin and S. Zhao, 

"Correlation of Defects and Lasing Threshold for AlGaN Deep Ultraviolet Lasers Grown by 

Molecular Beam Epitaxy," physica status solidi (b), vol. 258, no.11, pp. 2100201, 2021, doi: 

10.1002/pssb.202100201). 

 The manuscript studies the role of defects on the lasing threshold of MBE-grown AlGaN 

DH structures. A drastic reduction in the lasing threshold (530 kW/cm2) has been obtained at 

287 nm, compared to our previous study (Chapter 5), via the control of point defects under higher 

growth temperature.  

https://onlinelibrary.wiley.com/doi/full/10.1002/pssb.202100201
https://onlinelibrary.wiley.com/doi/full/10.1002/pssb.202100201
https://onlinelibrary.wiley.com/doi/full/10.1002/pssb.202100201
https://onlinelibrary.wiley.com/doi/full/10.1002/pssb.202100201


89 
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Molecular Beam Epitaxy 
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Abstract: Herein, aluminum gallium nitride (AlGaN)/AlN double-heterostructure (DH) laser at 

287 nm with a lasing threshold of 530 kW cm-2 is shown. The laser structure is grown on the AlN-

on-sapphire template by molecular beam epitaxy. This lasing threshold is drastically reduced 

compared to the previously reported AlGaN DH lasers at 297 nm with a threshold of around 

1 MW cm-2. The detailed studies indicate that this improvement is mainly attributed to the control 

of defect formation largely due to the increased growth temperature of the AlGaN active layer. 

The is consistent with the improved internal quantum efficiency at low excitations. Moreover, the 

control of Al vacancy related point defects is clearly demonstrated by the absence of defect 

emission in the visible band.    

 

Keywords: aluminum gallium nitride (AlGaN), double-heterostructures, molecular beam epitaxy, 

point defects, ultraviolet laser 
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6.1.1. Introduction 

 Deep ultraviolet (UV) lasers have a broad range of applications, such as lithography, UV 

curing, sterilization, non-line-of-sight communications (NLOS), optical storage, and so on.[1, 2] In 

this context, significant research efforts have been devoted in developing compact and reliable 

semiconductor UV lasers based on aluminum gallium nitride (AlGaN) alloys, due to their tunable, 

direct, and ultrawide bandgap energies from 3.4 to 6.2 eV.[3-6] However, the realization of the 

electrically injected AlGaN-based deep UV lasers is a highly challenging task. The underlying 

impediments are mainly due to the poor material quality, originated from the lattice and thermal 

mismatches between the AlGaN epilayer and the commonly used substrates, for example, sapphire, 

as well as the difficulties in p-type doping as the Al composition increases, rooted in the large Mg 

activation energy and co-doping effects.[7-10] 

Much attention has been paid to improving the material quality over the past 20 years, for 

example, reducing threading dislocation densities (TDDs) on sapphire substrates with various 

techniques, and TDDs in AlGaN epilayers on sapphire as low as around mid-108 cm-2 are 

obtained.[11-14] However, given the enduring challenge of p-type doping, the improved AlGaN 

epilayer quality is mainly tested by the optically pumped AlGaN quantum well laser structures.[12-

27] Nonetheless, the optically pumped laser structures can be further used to examine and optimize 

the material properties as well as laser design parameters. Today, the lowest lasing thresholds of 

optically pumped AlGaN deep UV lasers on sapphire are around 100 kW cm-2.[13, 20, 23, 26] 

With the use of low-dislocation (TDD <103 cm-2) bulk AlN substrates, lasing thresholds 

below 10 kW cm-2 have been achieved for the structures lasing around 263 nm.[15, 16] Remarkably, 

the use of bulk AlN substrates has also led to the successful fabrication of the electrically pumped 

AlGaN quantum well edge-emitting deep UV lasers at 271.8 nm (threshold around 25 kA cm-2, 
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pulse mode) in 2019,[28] after the shortest lasing wavelength being stuck at 336 nm for a decade.[29] 

Nevertheless, native bulk AlN substrates are extremely costly and have a small wafer size, making 

it impractical to use bulk AlN substrates for the development of AlGaN deep UV lasers for the 

time being. Therefore, further improving the AlGaN epilayer quality on other foreign substrates, 

for example, sapphire, AlN-on-sapphire template, is still of great interest, given the much lower 

cost and the readily availability of a large wafer size (up to 12 in.) for mass fabrication.  

Moreover, just as controlling TDDs in AlGaN epilayers for the development of AlGaN 

deep UV lasers, controlling point defects is equally important.[16, 30, 31] This is particularly the case 

for the ultrawide bandgap high Al content AlGaN alloys wherein various point defects and defect 

complexes, such as (VIII-complex)2−, have been both theoretically and experimentally suggested.[8-

9, 32-34] However, less attention has been paid to the point defects compared with TDDs. A better 

understanding of point defects as well as controlling them is clearly necessary for the AlGaN deep 

UV laser development.  

It is also worth noting that, hitherto, the AlGaN deep UV laser structures are mainly grown 

by metalorganic chemical vapor deposition (MOCVD), and the studies of the AlGaN deep UV 

lasers grown by molecular beam epitaxy (MBE) are much less.[6] 

In this work, we demonstrate AlGaN deep UV lasers on the relatively low-cost AlN-on-

sapphire template by MBE. The structure lases at 287 nm with a threshold of 530 kW cm-2, a 

drastic reduction compared to our previously reported AlGaN UV lasers at 298 nm with a threshold 

of near 1 MW cm-2.[27] Through detailed studies, we attribute this lasing threshold reduction mainly 

to the reduced defect formation, due to the use of a relatively high substrate temperature for the 

AlGaN active region. The reduced defect formation is evidenced by the improved internal quantum 

efficiency (IQE) at low excitations. The drastic reduction of the Al vacancy complex related point 
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defects is also underpinned, indicated by the absence of the photoluminescence (PL) emission in 

the visible band. 

 

6.1.2. Experiments 

 The schematic of the AlGaN/AlN DH is shown in Figure 6.1 (a), which consists of AlN 

buffer and cladding layers with thicknesses of 200 nm and 20 nm, respectively, as well as a 100-

nm-thick AlGaN active region. The DH was grown by radio-frequency (RF) plasma-assisted MBE 

on the AlN-on-sapphire template. Solvent cleaning and hydrofluoric acid etching were performed 

before loading the wafer into the MBE growth chamber. Subsequently, the substrate underwent an 

in situ thermal outgassing for surface cleaning. Different from the previous study,[27] the AlGaN 

active region was grown under a substrate temperature of 720 ℃ – an increase of 30 ℃; the rest 

of the growth condition was identical, except that the Ga flux was increased to compensate the Ga 

desorption as the growth temperature increases. The growth was in situ monitored by reflection 

high-energy electron diffraction (RHEED).  

 

 

 

Figure 6.1. (a) The schematic of the AlGaN/AlN DH on the AlN-on-sapphire template. (b) The 

RHEED pattern taking during the growth of the AlGaN epilayer along the 〈112̅0〉 direction. (c) 

The optical image of the as-grown wafer. 
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 After the growth, the as-grown wafers were cleaved into laser bars, and the lasing 

characteristics were studied by a fourth harmonics 266 nm Nd: YAG laser at room temperature 

(RT). The Nd:YAG laser has a pulse width of 7 ns and a repetition rate of 10 Hz. A cylinder lens 

was placed in front of the sample to shape the laser beam into a rectangular shape (size around 0.5 

by 5 mm). The light emission was then collected by an optical fiber from the cleaved sample edge 

and further detected by a deep UV spectrometer. 

 The RT IQE of the as-grown samples was examined by a 213 nm Q-switched diode-

pumped solid state (DPSS) laser, with a pulse width of 7 ns. The laser beam was focused onto the 

sample surface through a silica focus lens. The emitted light from the sample surface was collected 

by an optical fiber through a focus lens, and analyzed by a deep UV spectrometer. A neutral density 

filter was used to adjust the excitation density on the sample surface. For the study of defect PL 

bands, the same PL setup was used, but with a broad-band spectrometer (UV-VIS).  

 

6.1.3. Results and Discussions 

 Figure 6.1 (b) shows the typical RHEED pattern during the growth. A streaky RHEED 

pattern was observed throughout the growth, suggesting a smooth surface. The as-grown wafer 

was also examined under an optical microscope, and an optically smooth surface can be seen 

(Figure 6.1 (c)). 

 Figure 6.2 (a) shows the power-dependent PL spectra pumped by the Nd:YAG laser. It is 

seen that as the excitation increases, a sharp lasing peak occurs at 287 nm. The light input-light 

output (L-L) curve is shown in Figure 6.2 (b), manifesting a lasing threshold around 530 kW cm- 2. 

The inset of Figure 6.2 (b) shows the L-L curve in a logarithmic scale. The two lines with a slope 

k=1 denote the spontaneous emission and lasing, respectively. An S-shape, which corresponds to 
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the spontaneous emission, amplified spontaneous emission, and lasing, can be seen. The 

observation of the S-shape further confirms the lasing activity.[35, 36] 

 

 

Figure 6.2. (a) The lasing spectra under different excitations. The spectra were measured at RT 

using edge geometry by a fourth harmonics 266 nm Nd: YAG laser. (b) The L-L curve. Inset: the 

L-L curve in a logarithmic scale. 

 

 Compared to our previously demonstrated AlGaN/AlN DH lasers at 298 nm,[27] the lasing 

threshold in this study is reduced significantly (950 kW cm-2 vs 530 kW cm-2). The lasing threshold 

in this study is also comparable to the previously reported optically pumped AlGaN quantum well 

lasers on sapphire with similar lasing wavelengths.[12, 21-23] 

 To further investigate the reason of the threshold reduction, we have further compared the 

RT IQE of the structures grown in the present study and in the previous study.[27] IQE has been 

universally employed as an important material quality indicator of III-nitrides.[31, 37-40] To evaluate 
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RT IQE, we used a phenomenological ABC model [40] to analyze the power-dependent PL data 

excited by the 213 nm laser, through which the IQE can be calculated by, 

 𝐼𝑄𝐸 =
𝐼𝑃𝐿

𝛾𝐺
,                                                                                                                                                    (6.1) 

where IPL is the integrated PL intensity, 𝛾 is a fitting parameter, G is the generation rate. 

Experimentally, G can be determined via,  

𝐺 =
 𝑃𝑙𝑎𝑠𝑒𝑟(1−𝑅𝐹)𝛼

𝐴𝑠𝑝𝑜𝑡ℎ𝑣
,                                                                                                                                        (6.2) 

where 𝑃𝑙𝑎𝑠𝑒𝑟 is the peak pumping power under different excitations, 𝑅𝐹 is the Fresnel reflection 

(18%), 𝛼  is the absorption coefficient (2.35 × 105 cm-1),[41] 𝐴𝑠𝑝𝑜𝑡  is the beam spot size 

(9.0 × 104 μm2), and ℎ𝑣 is the photon energy of the 213 nm laser (5.82 eV). 𝛾 can be determined 

through fitting the following equation,  

𝐺 =
𝐴

√𝐵𝛾
√𝐼𝑃𝐿 +  

1

𝛾
𝐼𝑃𝐿+ 

𝐶

√(𝐵𝛾)3
√𝐼𝑃𝐿

3,                                                                                                    (6.3) 

where A, B, and C are recombination coefficients.[40] 

 Figure 6.3 (a) shows the experimentally determined G as a function of IPL in a logarithmic 

scale for both samples, together with the fitting curves using Equation (6.3). It is seen that excellent 

fittings are obtained, which allows us to determine 𝛾 and further allows us to determine the RT 

excitation-dependent IQE using Equation (6.1). Figure 6.3 (b) shows the calculated RT IQE as a 

function of the generation rate G in a semi-log scale for both samples. It is seen that at low 

excitations, e.g., G = 7×1026 cm-3 s-1, the RT IQE of the sample grown in the present study is about 

16% higher compared to the sample grown in the previous study.[27] 
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Figure 6.3. (a) Experimentally determined generation rate as a function of the integrated PL 

intensity. The samples were excited at RT by a 213 nm Q-switched DPSS laser. The solid lines 

are the fitting curves. (b) The calculated IQE as a function of the generation rate. Symbols: Circle 

denotes the sample grown in this work. Square denotes the sample grown in our previous study.[27] 

 

 Comparing the two AlGaN laser samples, similar cavities with similar geometries are used; 

optical images further indicate that the samples are optically smooth and thus similar propagation 

loss. Therefore, the reduced lasing threshold is likely related to the improved material quality, as 

reflected by the improved RT IQE at low excitations. In general, the low excitation IQE is closely 

related to both TDDs and point defects.[16, 31, 37-39] Therefore, the improved IQE indicates reduced 

TDDs or point defects, or both.  

 The role of point defects is identified first. In this regard, we have investigated the RT PL 

emission from deep levels by the 213 nm laser. As shown in Figure 6.4 (a), for the sample grown 

in the previous study,[27] apart from the near band-edge emission at 4.20 eV, another broad 

emission band (peak around 2.53 eV) in the visible range (blue color) is measured in a wide range 
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of excitation powers. Moreover, at low excitations, only the blue band emission is observed (a low 

excitation spectrum is shown in the inset of Figure 6.4 (a)). In contrast, no blue band emission is 

observed for the sample grown in the present study, as shown in Figure 6.4 (b).  

 

 

Figure 6.4. PL spectra detected by the UV-VIS spectrometer for both samples under different 

excitations by a 213 nm laser at RT. Upper panel: the sample grown in our previous study.[27] 

Lower panel: the sample grown in the present study. The inset of the upper panel shows the 

spectrum under a low excitation. 

 

 This blue band emission has been observed previously in AlGaN epilayers with a similar 

near band-edge emission energy, and is attributed to the donor-to-acceptor pair (DAP) transition 

involving Al vacancies and shallow donors, in specific, (VAl-complex)2−.[33, 34 ]  The absence of the 
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blue bland emission in the sample grown in this study, therefore, is consistent with a significant 

suppression of unwanted impurity incorporation under high growth temperatures. Similar findings 

on the beneficial effects of high growth temperatures on the impurity corporation/point defects 

management of III-nitrides have also been reported from others, regardless of the samples grown 

by MBE or MOCVD.[42-45] 

 Regarding to the complex, it could be related to oxygen. The sources of oxygen could 

originate from the oxygen impurity in the nitrogen source gas, Al and Ga sources, as well as the 

nitrogen plasma source, as pointed out by the previous study.[42] In addition, it is noted that the 

large affinity of Al to oxygen further makes oxygen to be easily incorporated in AlGaN, compared 

to GaN.[42-43] Further pointed out by these previous studies, when the temperature is increased in 

the low-to-moderate range, the oxygen incorporation can be reduced in AlGaN epilayers grown 

by MBE in metal rich condition.[42,43] This is consistent with the absence of point defect related 

emission as the growth temperature increases shown in the present study. Nonetheless, using 

excess Ga at the growth front in metal rich condition as another mechanism to reduce oxygen 

incorporation should be noted as well. 

 We further examine the role of TDDs. For the lasing sample grown in the present study, if 

taking the bulk B value of 8.0 × 10-11 cm3 s-1 from the recent study,[46] the A coefficient is derived 

to be 2.9 × 108 s-1. Further following previous studies,[37, 39] and considering that the sample is 

nearly free of point defects, the TDD is estimated to be ~3 × 109 cm-2. For the lasing sample grown 

in the previous study,[27] with the same B value, A is derived to be 5.8 × 108 s-1. If further ignoring 

point defects, that is, assuming that this A value is only limited by TDD (and thus giving the upper 

limit of TDD), the TDD is ~6 × 109 cm-2. However, from Figure 6.4, the observation of the blue 

band emission indicates the presence of point defects in the sample grown in the previous study. 
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This means that the TDD is less than 6 × 109 cm-2. As such, the maximum TDD reduction 

introduced by increasing the substrate temperature comparing the two samples is around 50% or 

less. This could give a few percent improvement in IQE.[37, 39] Therefore, both TDD reduction and 

point defect control could contribute to the IQE improvement in this study. Nonetheless, it should 

be noted that, in general, MBE is a low-temperature growth technology compared to MOCVD, 

and thus the TDD reduction might not be dramatic due to the overall relatively low growth 

temperatures, in particular under metal rich growth regime.[39, 42] 

 Finally, it is noted that both samples show a similar PL linewidth that is much broader than 

the previously reported AlGaN epilayers wherein the compositional fluctuations are measured.[47] 

This indicates that, first, compositional fluctuations are present in both samples in discussion; and 

second, both samples could have a similar degree of carrier localization, and hence the role of 

carrier localization on the IQE improvement at low excitations could be excluded.   

  

6.1.4. Conclusion 

 In this work, we have demonstrated AlGaN/AlN DH deep UV lasers on the AlN-on-

sapphire substrate by MBE. The lasing wavelength is 287 nm, with a lasing threshold of 

530 kW cm-2, remarkably lower than our previous work.[27] This reduced lasing threshold is mainly 

attributed to the control of the defect formation, due to the elevated growth temperature of the 

active region. This is consistent with the increased low-excitation IQE. The drastic reduction of 

point defects is further clearly underpinned, indicated by the absence of defect PL bands in the 

visible range. Compared to the small improvement of the low-excitation IQE (16%), the reduction 

of lasing threshold is tremendous (reduced by several hundred kW cm-2). This points out that the 

defects have a much more severe influence on the lasing threshold than on the IQE, as the defects 
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not only quench the luminescence through nonradiative channels but also serve as the loss source 

for a laser cavity. Similar effect has been seen in the previous study.[16] 
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Chapter 7 

Design and Simulation Towards Electrical 

Injected AlGaN UV Lasers  
 

 Even though the material quality of MBE-grown AlGaN on sapphire has been further 

improved by point defect control, leading to a low lasing threshold under optical pumping, the 

future achievement of feasible and highly efficient MBE-grown AlGaN LDs under electrical 

injection requires careful engineering related to charge carriers. Proper band engineering of the 

laser structure, especially the p-doped region, to mitigate asymmetric charge carrier distribution, 

resulted from the larger effective mass of holes than electrons, is of critical importance. Moreover, 

the Mg-induced optical loss from the UV absorbing p-region should be well controlled while 

optimizing the optical confinement of the active region. 

 In this Chapter, we design and simulate a unique AESL-EBL for enhancing hole injection 

via the assistance of hot holes. Mg-induced optical loss in such laser structure has been reduced to 

around 1 cm-1 by adjusting the layer thickness. 

 

7.1 Manuscript 

 The following manuscript was published in IEEE Journal of Quantum Electronics (X. Yin 

and S. Zhao, "Improving Charge Carrier Transport Properties in AlGaN Deep Ultraviolet Light 

Emitters Using Al-Content Engineered Superlattice Electron Blocking Layer," IEEE Journal of 

Quantum Electronics, vol. 59, no. 1, pp. 1-6, 2023, doi: 10.1109/jqe.2023.3234991). 

 This manuscript studies the charge carrier transport properties of AlGaN deep UV LDs on 

sapphire with an insertion of the AESL-EBL.  

https://ieeexplore.ieee.org/abstract/document/10011426
https://ieeexplore.ieee.org/abstract/document/10011426
https://ieeexplore.ieee.org/abstract/document/10011426
https://ieeexplore.ieee.org/abstract/document/10011426
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Improving Charge Carrier Transport Properties in AlGaN Deep Ultraviolet Light Emitters 

using Al-Content Engineered Superlattice Electron Blocking Layer 

 

Xue Yin and Songrui Zhao* 

Department of Electrical and Computer Engineering, McGill University, Montréal, QC H3A 0E9 

Canada  

 

Abstract: In this study, we investigate a unique Al-content engineered superlattice electron 

blocking layer (AESL-EBL) for improving the charge carrier transport properties of AlGaN 

quantum well (QW) deep ultraviolet (DUV) light-emitting diode (LED) structures. LED structures 

without EBL, with conventional bulk EBL (BEBL), and superlattice EBL (SL-EBL) are used for 

comparison. It is found that the LED structure with the AESL-EBL can exhibit superior electron 

blocking and hole injection, leading to reduced efficiency droop and improved light output power, 

compared to LED structures without EBL and with BEBL. Notably, the LED structure with AESL-

EBL also outperforms the LED structure with SL-EBL, benefitting from the Al-content engineered 

SL. In the end, such an ASEL-EBL is applied to a DUV laser diode, and by optimizing the device 

structure low Mg-induced internal loss of around 1 cm-1 can be obtained. 

 

Index Terms: AlGaN, electron blocking layer, superlattice, hole injection, hot hole, optical 

confinement.  
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7.1.1. Introduction 

 AlGaN-based deep ultraviolet (DUV) light-emitting devices, such as light-emitting diodes 

(LEDs) and lasers, have attracted considerable attention over the past two decades due to their 

widespread applications in disinfection, curing, optical communication, sensing, and so on [1]-[5]. 

They are emerging as high-efficient, environmental-friendly, and compact alternatives to 

conventional DUV technologies, such as low- and medium-pressure mercury lamps, as well as gas 

and solid-state lasers [1], [2]. Nevertheless, the efficiencies of the state-of-the-art AlGaN DUV 

LEDs have remained low, in particular for light emission wavelengths below the human exposure 

safe wavelength (e.g., 230-240 nm or shorter) [1], [3], [6]-[11]. Moreover, the shortest wavelength 

of electrically injected AlGaN quantum well (QW) lasers has been stuck at 336 nm [12] for a 

decade until the recently reported 271.8 nm laser in 2019 [13]. 

 To achieve electrically injected AlGaN DUV light-emitting devices, improving carrier 

transport is of critical importance. Different from optical excitation wherein the excess carriers can 

be excited nearly simultaneously in the active region, for the electrically injected devices, charge 

carriers need to transport to the active region. Nonetheless, the transport of electrons and holes are 

highly asymmetric in high Al-content AlGaN alloys, which is one of the major roadblocks to high 

injection efficiency. This is fundamentally limited by the large hole effective mass of high Al-

content AlGaN alloys (e.g., 2.7 m0 for AlN [14]). Due to the large hole effective mass, the 

commonly used p-type dopant magnesium (Mg) has an activation energy of several hundred meV  

[14], [15], leading to an extremely low hole concentration p0 at room temperature. Moreover, also 

because of the large effective mass, the room temperature hole mobility µp is also significantly 

lower than that of electrons. The low p0·µp product makes the high injection regime easy to reach 

at low injection levels [16], [17], being a prominent cause of the electron leakage in AlGaN DUV 
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LEDs. The electron leakage significantly degrades the LED device performance. It also makes the 

development of AlGaN DUV lasers challenging. In general, due to the large effective mass of both 

holes and electrons in AlGaN alloys, the required carrier density for population inversion is on the 

order of 1019 cm-3; the presence of electron leakage makes this high carrier density difficult to 

reach. This situation is drastically different from conventional III-V materials wherein the charge 

carrier transport is more symmetric [18], and highlights the necessity of improving the charge 

carrier transport properties for AlGaN-based optoelectronic device development.  

 In this context, the major approaches include incorporating electron blocking layers (EBLs) 

[19]-[25] and the implementation of tunnel junctions [26]-[30]. Whereas the tunnel junction 

utilizes tunneling to improve carrier injection, EBL engineers the energy band diagram 

substantially to minimize the electron leakage from the QW while maintaining the hole transport 

to the QW, i.e., reducing the potential barrier height for hole injection to the QW. In this regard, 

various EBLs such as bulk EBL (BEBL) with insertion layers [22], [31]-[33], graded EBL (GEBL) 

[20], [34]-[36], and superlattice EBL (SL-EBL) [24], [37]-[39] have been investigated. SL-EBL is 

among the most promising candidates for enhancing hole injection, due to its additional benefits 

such as doping effect that enhances acceptor activation [40], [41], and charge carrier transport 

mechanism via both thermionic emission process and tunneling. In recent years, researchers have 

also combined SL with GEBL, i.e., graded SL-EBL (GSL-EBL) [21], [23], to further improve hole 

injection. 

 Apart from achieving reduced hole potential barrier height, the other strategy to boost hole 

injection is to accelerate holes, taking the advantage of favorable electric polarization fields, 

through which holes could gain additional kinetic energies when travel across the p-region, i.e., 

“hot” holes are generated. For example, a hole accelerator, which consists of a 3-nm-thick p-
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AlGaN inserted in a 200-nm-thick p-GaN, was proposed by Zhang et al. to promote hole transport 

in indium gallium nitride (InGaN)/GaN blue LEDs [42]. Chu et al. have also suggested the 

insertion of thin AlN layers between the last quantum barrier (LQB) and p-EBL to achieve hot 

holes in AlGaN-based DUV LEDs [32]. Moreover, the p-AlInGaN/AlGaN short-period SL-EBL 

has also been investigated for hot hole generation in order to improve hole transport in near-UV 

LEDs [39].  

 In this work, we introduce a unique Al-content engineered superlattice p-EBL (AESL-

EBL) in AlGaN DUV-emitting QW LED structures. It is noted that, given the commonly observed 

compositional fluctuations in the epitaxial AlGaN alloys, such an Al-content engineered EBL 

could be much easier to obtain compared to regular SL-EBL (e.g., GSL-EBL) wherein a precise 

control on Al content is needed. Our study shows that the Al-content engineered SL-EBL enhances 

both electron blocking and hot hole generation, leading to significantly reduced efficiency droop 

and drastically improved light output power, compared to LED structures without EBL, with 

BEBL, and with SL-EBL. In the end, we have also evaluated the possibility of applying such an 

Al-content engineered SL-EBL to DUV laser diodes.  

 

7.1.2. Structures and Parameters 

 Figure 7.1 shows the device structure, which consists of a 200-nm-thick n-AlN buffer 

layer, a 90-nm-thick n-Al0.7Ga0.3N cladding layer, and three pairs of undoped Al0.42Ga0.58N 

(3 nm)/Al0.53Ga0.47N (9 nm) QWs, followed by a p-EBL, a 120-nm-thick p-Al0.7Ga0.3N cladding 

layer with the insertion of 10-nm-thick p-Al0.4Ga0.6N electron leakage test single QW, a 100-nm-

thick p-Al0.5Ga0.5N layer, and a 10-nm-thick p-GaN contact layer, on a 105-μm-thick AlN-on-

sapphire template. The silicon (Si) and Mg doping in both types of layers were set to be 
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5×1019 cm- 3, except for the p-GaN contact layer which was 1×1020 cm-3. The size of the device 

was 200 μm × 200 μm. The inset of Figure 7.1 shows different p-EBL designs, with LED A: no 

EBL; LED B: p-Al0.72Ga0.28N BEBL; LED C: 3-period Al0.6Ga0.4N (2nm)/Al0.8Ga0.2N (2nm) SL-

EBL; LED D: AESL-EBL. In all p-EBLs, the thickness was 14 nm, with an average Al content of 

0.72. 

 

Figure 7.1. Schematic of AlGaN DUV LED structures studied in this work. 

 

 The electrical and optical properties of different designs were investigated via the 

Crosslight Advanced Physical Models of Semiconductor Devices (APSYS). The band-offset ratio 

between conduction band and valence band  ∆𝐸𝑐/∆𝐸𝑣 was 0.65/0.35 [43]. The energy bandgap of 

AlGaN alloys was estimated via, 𝐸𝑔(𝐴𝑙𝑥𝐺𝑎1−𝑥𝑁) = 𝑥 ∙ 𝐸𝑔(𝐴𝑙𝑁) + (1 − 𝑥) ∙ 𝐸𝑔(𝐺𝑎𝑁) − 𝑏 ∙

𝑥(1 − 𝑥), where 𝑥 is the Al content, 𝐸𝑔(𝐴𝑙𝑁) and 𝐸𝑔(𝐺𝑎𝑁) were assumed to be 6.25 eV and 

3.510 eV, respectively, and the bowing parameter 𝑏  was 0.7 [44]. Shockley-Read-Hall 
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recombination, bimolecular radiative recombination, and Auger recombination coefficients were 

assumed to be 1× 108 /s, 2 × 10-11 cm3/s, and 1 × 10−30 cm6/s, respectively. The ionization energy 

of Si donor was 40 meV [1], [45], whereas the Mg acceptor ionization energy was linearly varied 

from 170 meV (for GaN) to 470 meV (for AlN) [14], [43]. Moreover, electron and hole mobilities 

were calculated by the Cauchy-Thomas approximation [46], [47],  

𝜇𝑖(𝑁) = 𝜇𝑚𝑖𝑛,𝑖 +
𝜇𝑚𝑎𝑥,𝑖 − 𝜇𝑚𝑖𝑛,𝑖

1 + (
𝑁

𝑁𝑟𝑒𝑓,𝑖
)𝑎,𝑖

 

where i represents electrons (holes), 𝜇𝑚𝑎𝑥, 𝜇𝑚𝑖𝑛, 𝑁𝑟𝑒𝑓, 𝑎 are the fitting parameters that depend on 

the semiconductor system, and N is the layer doping concentration. For electrons in AlGaN alloys, 

parameters 𝜇𝑚𝑎𝑥, 𝜇𝑚𝑖𝑛, 𝑁𝑟𝑒𝑓, and 𝑎 were assumed to be 306 cm2/Vs , 132 cm2/Vs , 1.0×1017 cm- 3, 

and 0.29, respectively [48], [49]. In terms of holes in AlGaN, the respective values were 2 cm2/Vs, 

2 cm2/Vs, 3.0×1017 cm-3, and 0.395 [48], [49]. In addition, the quantum tunneling model across p-

EBL was employed in LED C and LED D [22]. The electric polarization fields were also 

considered. Given the compensation effects in epitaxial device structures, the polarization 

screening factor was set to 0.5. The internal loss and temperature were assumed to be 2000 m-1 

and 300 K, respectively. 

 

7.1.3. Results and Discussion 

 Figure 7.2 illustrates the energy band diagrams (solid lines) and quasi-Fermi levels (quasi-

𝐸f, dash lines) for different LED structures under a forward injection current density of 200A/cm2. 

∅𝑒  (∅ℎ ) is the effective electron (hole) potential barrier height and is defined as the energy 

difference between the conduction (valence) band edge and quasi-𝐸f. It is seen that LED D with 

an AESL-EBL exhibits the highest electron potential barrier height of 377 meV, significantly 
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higher compared to LED A (185 meV), LED B (233 meV), and LED C (283 meV), indicating less 

electron leakage and better confinement of electrons in the active region.  

 

Figure 7.2. Energy band diagrams for (a) LED A, (b) LED B, (c) LED C, and (d) LED D at 

200 A/cm2. 𝐸c, 𝐸v, and quasi-𝐸f represent conduction band edge, valence band edge, and quasi-

Fermi level, respectively. ∅𝑒 and ∅ℎ denote the respective effective potential barrier heights for 

electrons and holes. ∅𝐿𝑄𝐵  denotes the bend bending at the LQB/p-region interface. ∅ℎ−𝑇𝑟𝑎𝑣𝑒𝑙 

represents the energy level difference between the p-EBL/p-Al0.7Ga0.3N and LQW/LQB interfaces 

in the valence band. More details are described in the main text. 

 

 The large barrier height in LED D is first attributed to the high Al content in the second SL 

barrier (2-nm-thick p-Al0.9Ga0.1N) that noticeably increases the electron potential barrier height. 
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Second, the use of a relatively low Al content of 0.7 in the first SL barrier significantly reduces 

∅𝐿𝑄𝐵, which represents the band bending at the LQB/p-region interface due to the polarization 

induced positive sheet charges. It is seen that ∅𝐿𝑄𝐵 of LED D (180 meV) is lower than that of LED 

B (194 meV)  and LED C (250 meV), and comparable to that of LED A (174 meV). The slightly 

large ∅𝐿𝑄𝐵 in LED D compared to LED A is due to the electric polarization field induced by high 

Al-content SL barriers. As the band bending at the LQB/p-region interface leads to reduced 

electron potential barrier height, the reduction of the band bending thus helps to effectively lift the 

electron potential barrier height. Moreover, the reduction of the band bending at the LQB/p-region 

interface also reduces electron accumulation at the interface, further mitigating electron leakage 

from the active region.  

 The effective hole potential barrier heights are estimated to be 354 meV, 349 meV, 

343 meV, and 344 meV for LED A, LED B, LED C, and LED D, respectively. This indicates a 

slightly enhanced hole transport in LEDs C and D, compared to LEDs A and B. In addition, LEDs 

C and D show an overall upwards inclination of valence bands (marked by arrows), different from 

the downwards inclination in LEDs A and B. Such an upwards inclination is a result of the strong 

electric polarization field in the SL, which is in the same direction of the applied electric field. As 

such, holes will gain additional kinetic energies from the electric polarization field when travel 

through the p-EBL, i.e., hot holes are generated [32], [42], enhancing their transport to the QW 

active region. 

 We have further estimated the kinetic energy that hot holes gained when travel across the 

p-EBL into the MQWs region in LED C and LED D. This kinetic energy is denoted as ∅ℎ−𝑇𝑟𝑎𝑣𝑒𝑙, 

and can be estimated by the energy level difference between the p-EBL/p-Al0.7Ga0.3N interface 

and the last quantum well (LQW)/LQB interface in the valence band [32]. It is seen that holes in 
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LED D gain a significantly higher kinetic energy of 874 meV compared to that of LED C 

(703 meV), attributed to the larger electric polarization field generated in the Al-content 

engineered SL, compared to that in regular SL. This suggests that holes in LED D are expected to 

be more kinetic compared to holes in LED C, making LED D potentially outperform LED C.  

 Here, it is worth mentioning that, although SL-EBL does not necessarily provide hot holes, 

by exploiting the large electric polarization field, hot holes can be generated. Moreover, further 

engineering the Al content in the SL can remarkably enhance such an effect.  

 The corresponding current densities for LED A and LEDs B to D as a function of the 

relative distance at a forward current density of 200 A/cm2 are shown in Figure 7.3 (a) and Figure 

7.3 (b), respectively. The electron and hole current densities are represented by solid and dot lines, 

respectively. Remarkably reduced electron leakage and enhanced hole injection are clearly 

presented in LED D, compared to the rest three LED structures. Besides, the sharp decrease of the 

electron current density and the increase of the hole current density in the p-Al0.4Ga0.6N test QW 

are only observed in LEDs A and B, suggesting excellent carrier confinement in the LED structures 

with SL-EBLs. More importantly, compared to LED C, LED D shows both promoted electron 

blocking and hole injection in the p-EBL and active region, due to the Al-content engineered SL 

as described earlier along with Figure 7.2.  
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Figure 7.3. Current density as a function of the relative distance for (a) LED A and (b) LEDs B to 

D at 200 A/cm2. The solid and dot lines represent the electron and hole current densities of the 

four LEDs, respectively.  

 

 We have further investigated the distribution of electron and hole concentrations of all LED 

structures at 200 A/cm2. As shown in Figure 7.4 (a), LED D (the structure with AESL-EBL) 

demonstrates the highest electron concentration in all QWs, surpassing all other LED structures. 

Figure 7.4 (b) illustrates the electron concentration accumulated at the LQB/p-region interface. It 

is seen that the electron accumulation at the LQB/p-region interface in LED D is reduced nearly 

by half, compared to that in LED C. This is mainly attributed to the alleviated band bending in 

LED D, due to the use of Al-content engineered SL as described earlier in Figure 7.2.  
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Figure 7.4. (a) Electron concentrations in the active region for the four LED structures. (b) 

Electron concentrations at the LQB/p-region interface. (c) Hole concentrations in the active region 

for the four LED structures. (d) Hole concentrations at the p-EBL/p-Al0.7Ga0.3N interface. The 

injection current density is 200 A/cm2. Note that, in terms of LED A without EBL, the EBL label 

in Figure 7.4 (b) and Figure 7.4 (d) refers to the p-Al0.7Ga0.3N layer. 

 

 Similarly, LED D also demonstrates the highest hole concentrations in all QWs, surpassing 

all other LED structures, as shown in Figure 7.4 (c). In addition, comparing LED D to LED C, 

less accumulation of holes at the p-EBL/p-Al0.7Ga0.3N interface is seen in LED D in Figure 7.4 (d), 

again suggesting the improvement of hole transport using Al-content engineered SL than regular 

SL-EBL. Nonetheless, it is noted that LED structures with SL-EBLs do show more hole 
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accumulation at the interface, due to band discontinuity and polarization induced negative sheet 

charges. In fact, identical phenomena are also observed for electrons at the LQB/p-region interface. 

However, given the significantly increased barrier heights for electron blocking and hot hole 

generation, devices with SL-EBLs still outperform devices without EBL and with BEBL. 

 The radiative recombination rate is further investigated for all LED structures as a function 

of the relative distance at a forward current density of 200 A/cm2. The results of LED A and LEDs 

B to D are shown in Figure 7.5 (a) and Figure 7.5 (b), respectively. It is seen that LED D exhibits 

the highest radiative recombination rate in all QWs, with more than a 2× enhancement compared 

to LED A. Moreover, compared to LED C, the parasitic emission in the EBL region is also 

drastically reduced in LED D, reflecting a superior electron blocking and hole injection 

improvement using the Al-content engineered SL. It is also noted that, due to the electron leakage, 

light emission from the test Al0.4Ga0.6N QW is seen in both LED A and LED B; in contrast, LED 

C and LED D do not show any carrier recombination from such a test QW.  

 

 

 

Figure 7.5. Radiative recombination rate as a function of the relative distance for (a) LED A and 

(b) LEDs B to D at 200 A/cm2.  



118 

 

 Figure 7.6 (a) shows the simulated electroluminescence (EL) intensity at a forward current 

density of 200 A/cm2. It is seen that all the four LEDs show emission wavelengths at around 

268 nm. Among these LEDs, LED D shows the highest peak intensity. Figure 7.6 (b) shows the 

calculated internal quantum efficiency (IQE) for the four LED structures. LED D shows the highest 

peak IQE of 52.5%. It is also seen that the efficiency droop decreases from 26% in LED A to 5.7% 

in LED D. The efficiency droop onset current density is also increased from 17 A/cm2 in LED A 

to 49 A/cm2 in LED D. Consequently, LED D exhibits the highest output power amongst all LED 

structures, with a near 3× enhancement compared to LED A at a forward current density of 

200 A/cm2, as shown in Figure 7.6 (c).  

 

Figure 7.6. (a) Simulated EL spectra for four LED structures at 200 A/cm2. (b) IQE and (c) output 

power as a function of current density for the four LED structures. 
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 In the end, we evaluate the possibility of applying such AESL-EBL into DUV laser diodes, 

as high p-type doping in the EBL could cause a severe Mg-induced internal loss. In this case, we 

consider a laser diode structure based on LED D with varying cladding layer thicknesses, aiming 

to minimize the loss. The Mg-induced loss can be estimated via 𝛼 = 𝛼𝑀𝑔 × 𝛤 [50], where 𝛼𝑀𝑔 is 

the absorption coefficient and assumed to be 50 cm-1 [50] and 105 cm-1 [51] for AlGaN:Mg (for 

high Al content AlGaN alloys) and GaN:Mg, respectively. Γ is the optical confinement factor, 

which in this study was estimated by Crosslight Photonic Integrated Circuit Simulator in 3D 

(PICS3D) with parameters mentioned in section 2. With obtaining Γ, Mg-induced loss can be 

estimated.  

 The optimized structure is shown in the top panel of Figure 7.7, which consists of a 200-

nm-thick n-AlN buffer layer, a 350-nm-thick n-Al0.7Ga0.3N cladding layer, three pairs of intrinsic 

Al0.42Ga0.58N (3 nm)/Al0.53Ga0.47N (9 nm) QWs, sandwiched by two 50-nm-thick Al0.53Ga0.47N 

waveguide layers, followed by a p-AESL-EBL, 220-nm-thick p-Al0.7Ga0.3N and 100-nm-thick p-

Al0.5Ga0.5N layers, and a 10-nm-thick p-GaN cap layer, on a 105-μm-thick AlN-on-sapphire 

template. The bottom panel of Figure 7.7 shows the refractive index of the structure as a function 

of the relative distance and the optical field distribution of the fundamental mode. The 

corresponding enlarged scale for the AESL-EBL region is shown in the inset. It is seen that the 

mode has been well-confined in the active region, with a sharp mode profile. A Γ of ~10.9% is 

obtained from three pairs of QWs, whereas  Γ for p-AESL-EBL, p-Al0.7Ga0.3N, p-Al0.5Ga0.5N, and 

p-GaN regions are ~1.9%, 2.8%, 2.0×10-2 %, and 2.5×10-5 %, respectively. This gives a total Mg-

induced loss in the p-region of around 2.4 cm-1, with ~1 cm-1 contributed from the p-AESL-EBL 

region. Such an Mg-induced loss in the p-region is comparable to or lower than the previous report 
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[52]. It is further noted that Mg-δ-doping or modulation-doping can be potentially used to further 

reduce the Mg-induced loss while maintaining the conductivity [53], [54].  

 

Figure 7.7. Top panel: The schematic of the AlGaN QW DUV laser structure with the Al-content 

engineered SL-EBL. Bottom panel: The corresponding optical field distribution and refractive 

index. The inset shows the EBL region. 

 

7.1.4. Conclusion 

 In summary, a unique Al-content engineered SL-EBL has been numerically investigated, 

aiming to engineer charge carrier transport in AlGaN DUV light-emitting devices. It is found that 

such an EBL can significantly increase the electron potential barrier height compared to regular 

SL-EBL by nearly 100 meV, whereas the kinetic energy gain for hole transport can be improved 
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by nearly 200 meV. Both the electron and hole accumulations at the respective LQB/p-region and 

p-EBL/p-Al0.7Ga0.3N interfaces can also be alleviated, compared to using the regular SL-EBL. 

Consequently, the carrier injection into the QW active region is improved. The LED structure with 

the Al-content engineered SL-EBL exhibits superior performance compared to other LED 

structures in this study, including radiative recombination rates in the QW active regions, output 

power, internal quantum efficiency, and efficiency droop reduction. We have lastly examined Mg-

induced internal loss in a laser structure using such a p-AESL-EBL, and it is found that by 

optimizing layer thickness low Mg-induced loss can be achieved.  
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7.2 Further Discussions on Device Simulation 

 Here, some details of the Crosslight simulation in the previous section are further described. 

First, the current density, plotted in the y-axis of Figure 7.3, is the local current density spreading 

in the simulated devices regarding different distances. All the figures in Chapter 7 are generated 

at a current density of 200 A/cm2, which is the average current density on the electrode. Such 

average current density is the total current density divided by the defined contact size. Therefore, 

the local current density shown in the y-axis of Figure 7.3 would be somewhere below or above 

the average current density of 200 A/cm2. Details of the current density calculations can be found 

in Chapter 5 of the Crosslight software general manual [202]. Moreover, the simulated IQE in 

Figure 7.6 (b) differs from the radiative IQE mentioned in the other Chapters. Such simulated IQE 

considers both injection efficiency and radiative IQE via the SRH model. The recombination 

coefficients A, B, and C were assumed to be 1× 108 s-1, 2 × 10-11 cm3 s-1, and 1 × 10−30 cm6 s-1, 

respectively, in the SRH model [97, 110]. In addition, the post-processing command “layer_conf” 

in Crosslight Software was used to calculate the optical confinement factor in Figure 7.7. In the 

end, it is also noted that the original material library from Crosslight Software is based on devices 

grown on GaN buffer layer and the base lattice will be that of GaN. Here, we changed the base 

buffer layer and base lattice to AlN in our case. 
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Chapter 8 

Conclusion and Future Work 
 

 

8.1 Conclusion 

In this dissertation, we have investigated the molecular beam epitaxy of AlGaN epilayers 

for the development of semiconductor UV lasers on low-cost sapphire and Si substrates. Moreover, 

a novel design is proposed aiming to improve the charge carrier transport for electrically injected 

devices.  

In specific, we have demonstrated a new approach to grow AlN epilayers on Si, which 

leads to high quality AlGaN epilayers on Si by using such AlN epilayers as buffer layers. The IQE 

obtained from the bulk AlGaN epilayers is significantly improved compared to the counterparts 

on sapphire and/or AlN-on-sapphire substrates. In parallel, we have further demonstrated optically 

pumped lasing from the MBE-grown AlGaN/AlN DH on the AlN-on-sapphire substrate, with a 

lasing threshold of 950 kW/cm2. Further reduced lasing threshold is obtained by controlling the 

point defects, and lasing at 287 nm, with a threshold of 530 kW/cm2, is measured. The research in 

this dissertation also represents the first MBE-grown laser structure that shows clear lasing 

evidence. Towards the electrically injected devices, we have proposed a unique AESL-EBL design, 

which can significantly enhance the electron blocking ability without compromising hole injection, 

assisted by the hot hole effect. By further optimizing the layer thickness, low Mg-doping induced 

optical loss can be obtained. Compared to the regular SL-EBL designs, wherein a precise control 

of the Al content is needed, this design could be more practical due to the relaxation of the Al 

content control. 
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8.2 Future Work 

8.2.1 Optical Confinement Optimization 

 In Chapters 3 and 4, we have developed a new AlN buffer layer technology on Si and 

successfully demonstrated high quality AlGaN epilayers on top with various Al compositions. 

However, to achieve UV lasing on Si, optical confinement needs to be carefully optimized, as the 

bottom GaN nanowires and Si substrate could result in severe absorption of UV photons.  

Taking AlGaN/AlN DH laser structures on the AlN template on Si as an example, one 

route is to adjust the layer thickness of the AlGaN active region. The optical field confinement of 

such structures could be improved in the active region if the active region thickness is optimized. 

A separate route is to engineer the thickness of the GaN nanowire and AlN buffer layer to achieve 

similar results; however, this would require additional work on the optimization of the AlN 

template growth condition. 

An alternative approach to overcome the UV photons absorption from the bottom GaN 

nanowires and Si substrate is through substrate removal and transfer technology and/or etching. 

For instance, Si substrate can be mechanically lapped and then removed via reactive ion etching 

(RIE) in SF6 plasma [203], which has a high selectivity between Si and AlGaN alloys. This could 

be followed by transferring the laser structure to a carrier wafer and KOH etching of the GaN 

nanowires. Careful calibration is required to minimize potential defects resulted in such a 

fabrication process. 

It is noted that, to date, the AlGaN-based UV laser is still under development. Although it 

is ideal to eventually design the laser structure to achieve single transverse mode lasing, AlGaN-

based UV laser has not reached that level yet. The design focus of the optical confinement 

optimization is mainly based on the conventional ridge-waveguide geometry in this dissertation. 
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8.2.2 Multiple Distributed Polarization Doping Segments  

 Following our progress on the optically pumped AlGaN/AlN DH lasers on sapphire in 

Chapters 5 and 6, the implementation of the DPD method in p-region could be a promising route 

towards electrical injection with enhanced hole injection efficiency and conductivity. 

 In this regard, we propose an electrical injected AlGaN UV laser structure with multiple 

DPD segments, as shown in Figure 8.1 (a). Different from the conventional DPD methods [18, 

124, 156-158], such multiple DPD segments offer additional advantages besides hole injection 

improvement: (1) Enhanced optical field confinement in the active region could be achieved via 

the use of 1st and 2nd DPD segments with relatively high Al contents, leading to a narrower field 

profile. (2) Better control on the optical loss with overall reduced DPD thickness compared to the 

conventional DPD structures (e.g., ~350 nm) [18, 132, 157] and, particularly, less mode leakage 

into the UV absorbing layers. The corresponding field distribution of the AlGaN deep UV laser 

structure is demonstrated in Figure 8.1 (b). By engineering the layer thickness and Al contents of 

three different DPD segments, an optimized optical field confinement factor of ~12.2% could be 

obtained from a single QW active region, together with a minimized mode leakage (~1.8×10-5 %) 

into the UV absorbing 3rd DPD segment and p-GaN regions.  
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Figure 8.1. (a) Schematic of the AlGaN deep UV laser structure with multiple DPD segments and 

(b) the corresponding optical field distribution and refractive index as a function of the relative 

distance.  

  

8.2.3 Polarization Engineered Tunnel Junctions  

Besides multiple DPD segments, introducing polarization engineered TJs [178] could be a 

separate route towards electrically injected AlGaN UV LDs. To date, (In)GaN is widely 

investigated as the intermediate tunneling layer (ITL) for AlGaN-based TJs [163, 165, 166, 168, 

178]. However, the high absorption coefficients of such an ITL can lead to a significant optical 

loss [168]. To address this issue, AlGaN ITL could be a potential candidate. However, TJs with 

AlGaN ITL are rarely studied and a large depletion width of around 10 nm was reported when 

using AlGaN as the ITL [164], limiting the tunneling efficiency.  

In future work, we propose AlGaN QWs as the ITL for the polarization engineered AlGaN-

based TJs, with a combination of the DPD method on both sides of the junctions. The schematic 

and energy band diagram of such a structure is shown in Figure 8.2. First, due to the insertion of 
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AlxGa1-xN/AlyGa1-yN QWs with low (e.g., x < 0.5) and high (e.g., y > 0.5) Al contents to replace 

conventional (In)GaN ITL, considerable optical loss reduction could be expected. Secondly, such 

AlGaN QWs also create strong polarization-induced surface charges at the AlxGa1-xN/AlyGa1-yN 

interface, beneficial to the band tilting of the ITL region and tunnel distance reduction. The 

corresponding positive and negative surface charges are represented by the “+” and “-” signs, 

respectively, in Figure 8.2. Thirdly, the utilization of the DPD method on both sides of the TJs by 

grading the AlGaN layers could lead to a significant reduction of the space charge region, due to 

the generation of 3D hole/electron gas that pushes the Fermi level closer to valence/conduction 

band edge. It is also worth noting that, compared to MOCVD, MBE is more suitable for growing 

high quality TJs, due to its ability to favor p-type dopant incorporation as well as to achieve sharp 

doping profiles and interfaces, as mentioned in Section 1.3 [178].  

 

 

Figure 8.2. Schematic and the energy band diagram of the polarization engineered TJ with AlGaN 

QWs as the ITL at equilibrium. Growth direction is also labeled. Here, x < 0.5 and y > 0.5. 
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