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ABSTRACT 

Light emitting didoes (LEDs) through vertical current injection offer numerous advantages 

including excellent heat dissipation and size scalability. Yet it remains difficult to realize AlGaN 

deep ultraviolet (deep UV, wavelength shorter than 300 nm) LEDs through vertical injection. 

Silicon (Si) substrates, owing to their excellent conductivity, easy to removal by chemical wet 

etching, and mature manufacturing process, are a promising platform for developing vertical 

AlGaN deep UV LEDs. Nevertheless, obtaining high quality AlGaN epilayers on Si substrate has 

remained a challenge due to the large lattice and thermal mismatch between AlN and Si. In this 

thesis, we demonstrate a nanowire template assisted buffer layer technology on Si that enables 

high-quality AlGaN epilayers on Si, which further enables vertical AlGaN deep UV LEDs.  

We first perform the molecular beam epitaxial growth and characterization of AlN epilayers 

on Si substrates using the nanowire template. Highly smooth AlN epilayers with root-mean-square 

(rms) roughness of less than 0.4 nm are obtained. Our detailed comparison between the AlN 

epilayers grown on the nanowire template and the AlN epilayers directly on Si confirms that the 

use of the nanowire template can improve the crystalline quality and relax the tensile stress from 

Si. Using such AlN buffer layer, AlGaN epilayers with Al content varying from 35% to 70% are 

developed. The internal quantum efficiency (IQE) for such AlGaN epilayers are in the range of 30 

- 40% under low excitations.   

With these material developments, vertically injected, surface emitting AlGaN deep UV 

LEDs down to 247 nm are demonstrated, by far the shortest wavelength for deep UV LEDs on Si 

with AlGaN epilayers. To further improve the device electrical performance, we have explored the 

polarization doped AlGaN epilayers on Si by grading the Al content along the growth direction. 

Vertical LEDs emitting around 278 nm are realized, and with using the polarization enhanced 



 xxi 

doping, the device series resistance is reduced by a factor of 5. This thesis work provides a viable 

path not only for vertical semiconductor deep UV LEDs, but also for low-cost ultrawide bandgap 

semiconductor template, potentially impact both photonics and electronic devices.  
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ABRÉGÉ 

Les diodes électroluminescentes (DEL) par injection de courant verticale offrent de 

nombreux avantages, notamment une excellente dissipation de la chaleur et une évolutivité de la 

taille. Cependant, il est difficile de réaliser des DELs d’AlGaN à ultraviolets profonds (UV 

profonds, longueur d'onde inférieure à 300 nm) par injection verticale. Les substrats en silicium 

(Si), en raison de leur excellente conductivité, de leur facilité d'élimination par gravure humide 

chimique et de leur processus de fabrication mature, constituent une plate-forme prometteuse pour 

le développement de DELs d’AlGaN à UV profondes verticales. Néanmoins, l'obtention 

d'épicouches d'AlGaN de haute qualité sur un substrat de Si est restée un défi en raison du grand 

réseau et de l'inadéquation thermique entre l'AlN et le Si. Dans cette thèse, nous démontrons une 

technologie de couche tampon assistée par modèle de nanofils sur Si qui permet des épicouches 

d’AlGaN de haute qualité sur Si, ce qui permet en outre des DELs d’AlGaN à UV profondes 

verticales. 

Nous effectuons d'abord la croissance épitaxiale par faisceau moléculaire et la 

caractérisation des épicouches d'AlN sur des substrats de Si à l'aide de la matrice de nanofils. Des 

épicouches d'AlN très lisses avec une rugosité quadratique moyenne (rms) inférieure à 0,4 nm sont 

obtenues. Notre comparaison détaillée entre les épicouches d'AlN développées sur la matrice de 

nanofils et les épicouches d'AlN directement sur Si confirme que l'utilisation de la matrice de 

nanofils peut améliorer la qualité cristalline et relâcher la contrainte de traction de Si. En utilisant 

une telle couche tampon d’AlN, des épicouches d’AlGaN avec une teneur en Al entre 35% et 70% 

sont développées. L'efficacité quantique interne (IQE) pour ces épicouches d'AlGaN est de l'ordre 

de 30% à 40% sous de faibles excitations. 



 xxiii 

Avec ces développements de matériaux, des DELs d’AlGaN à UV profondes à émission de 

surface injectées verticalement jusqu'à 247 nm sont démontrées, de loin la longueur d'onde la plus 

courte pour les DELs à UV profondes sur Si avec des épicouches d’AlGaN. Pour améliorer encore 

les performances électriques du dispositif, nous avons exploré les épicouches d’AlGaN dopées en 

polarisation sur Si en graduant la teneur en Al le long de la direction de croissance. Des DELs 

verticales émettant autour de 278 nm sont réalisées, et avec l'utilisation du dopage amélioré par 

polarisation, la résistance en série du dispositif est réduite d'un facteur 5. Ce travail de thèse fournit 

une voie viable non seulement pour les DELs à UV profondes à semi-conducteur verticales, mais 

aussi pour un modèle de semi-conducteur à bande interdite ultra large moins coûteux, impactant 

potentiellement à la fois la photonique et les appareils électroniques. 
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CHAPTER 1.  

Introduction 

Aluminum gallium nitride (AlGaN), a ternary compound of gallium nitride (GaN) and 

aluminum nitride (AlN) in the III-nitride semiconductor family, has been intensively studied over 

the past decades due to its ultrawide, tunable, and direct bandgap energy [1-8]. The excellent 

physical properties make it an excellent candidate for the developments of heterojunction devices 

such as Schottky diodes [9-11], high electron mobility transistors (HEMTs) [12-14], as well as 

optoelectronic devices including light emitting diodes (LEDs) [15-21], laser diodes (LDs) [22-25], 

and photodetectors [26-29]. In addition, owing to the large chemical bonding energies for both Al-

N and Ga-N bonds, AlGaN-based devices are also chemically stable, mechanically strong, and 

thus suitable to operate in extreme and harsh environment [3, 30].  

For LED devices, depending on the current injection path, they can be categorized into 

vertical current injection LEDs or lateral current injection LEDs. Compared to lateral current 

injection, vertical current injection offers several benefits, such as minimized local heating, 

excellent chip size scalability, as well as simple packaging process [31-37]. Yet, realizing vertical 

LEDs in the deep UV range has been extremely difficult due to a number of limitations which will 

be discussed in Section 1.5.  

In this context, silicon (Si) substrate, owing to its easy removal by chemical wet etching and 

simple manufacturing process, along with cost-related benefits, has been viewed as a promising 

candidate for realizing vertical AlGaN deep UV LEDs [24, 38, 39]. However, owing to the large 

lattice and thermal mismatches between the AlGaN alloy and Si substrate, it is highly challenging 

to obtain high quality AlGaN epilayers on Si. Surface cracks and large threading dislocation 
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densities (TDDs) are often observed in AlGaN epilayers grown on Si. These challenges will be 

discussed in Section 1.7. 

To improve the quality of AlGaN epilayers on Si, various buffer layer technologies have 

been developed, including AlN buffer layers by epitaxial lateral overgrowth (ELO), AlN/AlGaN 

superlattice layers, as well as compositionally graded AlGaN buffer layers [40-51]. With these 

buffer layers, promising results have been demonstrated. Nonetheless, they are all very thick, and 

require complex fabrication and long growth processes, making them not ideal for the development 

of vertical AlGaN deep UV LEDs.  

Here, we present a promising method to obtain high quality AlGaN epilayers on Si substrate 

by molecular beam epitaxy (MBE), using a nanowire-assisted buffer layer consisting of GaN 

nanowires and an AlN epilayer. Using such a buffer layer, vertical LEDs in the deep UV range 

with AlGaN epilayers are successfully demonstrated.  

This chapter is organized as followings. The importance of deep UV light sources is 

discussed in Section 1.1, followed by the discussion on the need of AlGaN for deep UV LEDs in 

Section 1.2. The current status of AlGaN-based UV LEDs is reviewed in Section 1.3. 

Subsequently, the benefits and current status of vertical LEDs are presented in Section 1.4. In 

Section 0, the challenges of developing vertical AlGaN deep UV LEDs are discussed. The 

application of Si for the development of vertical AlGaN deep UV LEDs is then discussed in 

Section 1.6. In Section 1.7, the challenges in obtaining high quality AlGaN epilayers on Si are 

discussed in detail. Lastly, the overview and the contribution of this thesis are further provided in 

Section 1.8 and Section 1.9.   

 

 



 3 

1.1 Importance of Deep UV Light and the Need of Deep UV LEDs 

Light sources emitting in the deep UV range (λ < 300 nm) are of great importance for various 

applications [21, 52]. For example, large-area deep UV lamps are widely utilized in water 

processing plants, as they have been found highly effective in the deactivation of pathogens and 

viruses in drinking water. Sterilizations of appliances, medical supplies, public-area surfaces, as 

well as personal items have also become emerging areas for the application of deep UV light 

sources. Moreover, deep UV light sources can also be used for sensing of gas, molecule, DNA, 

making them great assets in the medical and bio-chemical industry. Deep UV light sources have 

also become increasingly important in the communication industry, for their applications in non-

line-of-sight (NLOS) wireless communication as well as Laser Interferometer Space Antenna 

(LISA). 

To date, the majority of deep UV light sources are dominated by mercury lamps and excimer 

lamps, e.g., krypton fluoride (KrF) and krypton-chloride (KrCl) lamps. However, not only are 

these light sources highly power-consuming, but also are they with short operating lifetime. The 

use of Mercury, which is of toxic nature, poses severe hazard to both human and the environment. 

Although diode-pumped solid state light sources such as neodymium-doped yttrium aluminum 

garnet (Nd:YAG) lasers can also emit light in the deep UV range through higher harmonic 

frequency generations, their bulky size and expensive cost severely limit their applications.  

Semiconductor devices, on the other hand, have a number of advantages such as 

compactness, long lifetime, high energy efficiency, and are suitable for mass production. As such, 

semiconductor deep UV light sources are an appealing form of deep UV light sources. Among 

various semiconductor materials, AlGaN is one of the best candidates. By changing the Al content 

in the AlGaN alloy, the wavelength of AlGaN LEDs can be adjusted from 365 nm down to around 
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210 nm at room temperature, which widely covers UVA (320 – 400 nm), UVB (280 – 320 nm), 

and UVC (200 – 280 nm). More importantly, without the use of toxic materials, AlGaN LEDs do 

not pose any burden to the environment.  

 

 

Figure 1-1 Band gap energy vs. lattice constants of III-nitride materials. Reproduced with 

permission [8]. Copyright 2006, Cambridge University Press. 

 

1.2 Properties of AlGaN and Its Importance for Deep UV LEDs 

As a ternary compound alloy in the III-nitride family, AlGaN has a direct energy bandgap. 

Depending on the Al content (x) of AlxGa1-xN, both the lattice constant and the bandgap energy 

can be tuned accordingly [2, 52-54]. As illustrated in Figure 1-1, the bandgap energy of AlxGa1-

xN varies from 3.4 eV (GaN, x = 0) up to 6.1 eV (AlN, x = 1) at room temperature. In addition, as 
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the Al content increases, the free exciton (FX) binding energy of AlGaN increases, from 20 meV 

of GaN up to 80 meV of AlN at room temperature [55-57]. It is also noted that the 80 meV FX 

binding energy of AlN is also one of the largest among all the bulk materials, which indicates that 

AlN LED can have a stable emission wavelength at room temperature [58].  

 

 

Figure 1-2 Wurtzite GaN structure with metal-polarity (left) and N-polarity (right). The 

orientation of spontaneous polarization field (PSP) is denoted. Reproduced with permission [2]. 

Copyright 1998, IOP Publishing. 

 

In addition, for wurtzite AlGaN, due to the lack of centrosymmetry, it can have different 

surface polarities, i.e., whether the surface terminates with metal atoms (Al/Ga) or N. Figure 1-2 

illustrates the schematic of wurtzite GaN structure showing metal-polarity (left) or N-polarity 

(right). In general, the polarity of III-nitrides is dependent on the type of substrate and the growth 

conditions. For example, the MBE-grown GaN nanowires on Si substrates typically show N-

polarity, although mixed polarity has been reported [59-61]. For AlGaN, Al is typically 

substitutional to Ga site. Depending on the different surface polarity, AlGaN possesses a 

spontaneous polarization field (PSP) either parallel or anti-parallel to the c-axis as denoted in Figure 

1-2.  
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The strain (compressive or tensile) of AlGaN further induces a piezoelectric polarization 

field (PPE) along the c-axis (parallel or anti-parallel), which is related to the strained lattice constant 

(𝑎), relaxed lattice constant (𝑎0), piezoelectric constant (𝑒33, 𝑒31), and elastic constants (𝐶13, 𝐶33) 

by the following equation [62]: 

𝑷𝑃𝐸 = 2
𝑎 − 𝑎0

𝑎0
(𝑒31 − 𝑒33

𝐶13

𝐶33
) 

Table 1-1 summarizes the spontaneous polarization, piezoelectric and elastic constant for both AlN 

and GaN. Figure 1-3 demonstrates an example of the direction of PPE for a metal-polar AlGaN 

epilayer grown GaN when AlGaN is experiencing a tensile strain.  

 

Table 1-1 Spontaneous polarization, piezoelectric (𝒆𝟑𝟑, 𝒆𝟑𝟏) and elastic (𝑪𝟏𝟑, 𝑪𝟑𝟑) constants for 

AlN and GaN. Values are referenced in [63, 64]. 

Constant AlN GaN 

PSP [C/m2] 0.081 0.029 

𝑒33 [C/m2] 1.46 0.73 

𝑒31 [C/m2] -0.60 -0.49 

𝐶13 [GPa] 108 103 

𝐶33 [GPa] 373 405 

 

 

The net electric polarization is thus P = PPE + PSP, suggesting the presence of bound charge 

(σ) at the interface. For example, in the case shown in Figure 1-3, as the net polarization is pointing 

towards the GaN layer, a positive bound charge (+σ) at the AlGaN/GaN interface is generated. 

Due to the requirement of charge neutrality, free electrons are thus induced at the AlGaN/GaN 
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interface to compensate +σ, forming two-dimensional electron gas (2DEG). The generation of 

2DEG has pioneered important electronic device designs such as HEMTs [12-14].  

 

Figure 1-3 Orientation of PSP, PPE for metal-polar AlGaN epilayer grown on GaN. Reproduced 

with permission [62]. Copyright 1999, Wiley-VCH. 

 

Further utilizing these polarization effects, it is possible to obtain free carriers without using 

impurity doping through grading Al content along the growth direction. Using this polarization 

doping technique, some of the recent breakthroughs on AlGaN light emitting devices have been 

achieved, such as the demonstrations of dopant-free polarization-doped AlGaN LEDs [65-68], as 

well as the first demonstration of deep UV emitting laser diodes [69-71]. 

 

1.3 Current Status of AlGaN Deep UV LEDs 

To date, AlGaN deep UV LEDs are mainly through lateral injection, and their optical 

performance is typically evaluated by external quantum efficiency (EQE), which is defined as the 

product of internal quantum efficiency (IQE), carrier injection efficiency (CIE), and light 

extraction efficiency (LEE). Table 1-2 defines all the four parameters. It is noted that, 

experimentally, relative EQE, defined as the ratio of the integrated electroluminescence (EL) 

intensity to the injected current, is also commonly used to study the performance characteristics of 

LEDs, such as efficiency droop.   
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Table 1-2 Definitions of EQE, IQE, CIE, LEE of a LED device.  

Efficiency Definition 

EQE 
# 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑒𝑚𝑖𝑡𝑡𝑒𝑑 𝑖𝑛𝑡𝑜 𝑓𝑟𝑒𝑒 𝑠𝑝𝑎𝑐𝑒 𝑝𝑒𝑟 𝑠𝑒𝑐𝑜𝑛𝑑

# 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠 𝑖𝑛𝑗𝑒𝑐𝑡𝑒𝑑 𝑖𝑛𝑡𝑜 𝐿𝐸𝐷 𝑝𝑒𝑟 𝑠𝑒𝑐𝑜𝑛𝑑
 

IQE 
# 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑒𝑚𝑖𝑡𝑡𝑒𝑑 𝑓𝑟𝑜𝑚 𝑎𝑐𝑡𝑖𝑣𝑒 𝑟𝑒𝑔𝑖𝑜𝑛 𝑝𝑒𝑟 𝑠𝑒𝑐𝑜𝑛𝑑

# 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠 𝑖𝑛𝑗𝑒𝑐𝑡𝑒𝑑 𝑖𝑛𝑡𝑜 𝑎𝑐𝑡𝑖𝑣𝑒 𝑟𝑒𝑔𝑖𝑜𝑛 𝑝𝑒𝑟 𝑠𝑒𝑐𝑜𝑛𝑑
 

CIE 
# 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠 𝑖𝑛𝑗𝑒𝑐𝑡𝑒𝑑 𝑖𝑛𝑡𝑜 𝑎𝑐𝑡𝑖𝑣𝑒 𝑟𝑒𝑔𝑖𝑜𝑛 𝑝𝑒𝑟 𝑠𝑒𝑐𝑜𝑛𝑑

# 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠 𝑖𝑛𝑗𝑒𝑐𝑡𝑒𝑑 𝑖𝑛𝑡𝑜 𝐿𝐸𝐷 𝑝𝑒𝑟 𝑠𝑒𝑐𝑜𝑛𝑑
 

LEE 
# 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑒𝑚𝑖𝑡𝑡𝑒𝑑 𝑖𝑛𝑡𝑜 𝑓𝑟𝑒𝑒 𝑠𝑝𝑎𝑐𝑒 𝑝𝑒𝑟 𝑠𝑒𝑐𝑜𝑛𝑑

# 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠 𝑒𝑚𝑖𝑡𝑡𝑒𝑑 𝑓𝑟𝑜𝑚 𝑎𝑐𝑡𝑖𝑣𝑒 𝑟𝑒𝑔𝑖𝑜𝑛 𝑝𝑒𝑟 𝑠𝑒𝑐𝑜𝑛𝑑
 

 

 

Figure 1-4 shows the EQE of the current state-of-the-art LEDs covering from the UVA to 

the UVC spectral range [52]. It is seen that the highest EQE in the deep UV range is 20.3%, which 

was reported by Takano et al. from AlGaN quantum well LEDs emitting at 275 nm [72]. The 

authors employed a series of light extraction features including using transparent contact layer, 

Rhodium (Rh) mirror electrode, and encapsulation resin to improve the EQE of the device. On the 

other hand, this is one of the very few reports in which the EQE is above 10% [72-76]. As the 

emission wavelength reduces, the EQE generally decreases, and for emission wavelengths shorter 

than 250 nm, the EQE is typically below 2% [77-83]. Currently, the shortest emission wavelength 

demonstrated is around 210 nm, which is from AlN p-i-n homojunctions. The peak EQE at this 

wavelength is extremely low (~10-4%) [84].  
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Figure 1-4 Diagram of reported EQEs of LEDs in the UV spectrum. Reproduced with permission 

[52]. Copyright 2020, IOP Publishing. 

 

There are a number of challenges associated with the efficiency decrease in deep UV range. 

The primary challenge is the lack of suitable substrates. Currently, the majority of AlGaN LED 

structures are grown on foreign substrates, e.g., sapphire or silicon carbide (6H-SiC), both of which 

exhibit large lattice mismatches (as presented in Table 1-3) and thus result in large TDDs in AlGaN 

epilayers [85-87]. Although commercial bulk AlN substrate has been available, but the extremely 

high wafer cost is still a penalty at the time of this thesis writing [88]. Moreover, the difficulties to 

achieve efficient n-type and p-type doping in high Al-content AlGaN epilayers is another major 

reason to the efficiency decrease. Detailed analysis regarding to the doping challenge is further 

elucidated in Section 1.5. Lastly, the light polarization change from transverse-electric (TE) to 

transverse-magnetic (TM) as the wavelength gets shorter also limits the light extraction from the 
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device top surface of the typical c-plane LEDs and thus leads to the efficiency decrease. More 

details will be discussed in Chapter 7.  

It is worth noting that, in recent years, significant progress is made in AlGaN nanowire UV 

LEDs, including AlN nanowire LEDs emitting at 207-210 nm with superior electrical performance 

[89, 90]. In addition, the use of nanowires as a template for epilayer growth has the potential to 

improve the crystal quality and relax the lattice strain in AlGaN epilayers. The benefits of 

nanowires, along with the mechanism of III-nitride nanowire growth, will be discussed in detail in 

Section 2.3. 

 

Table 1-3 Lattice constant and thermal expansion coefficient of AlN, GaN, Si (111), c-plane 

sapphire, and 6H-SiC. Values are referenced in [2, 5, 17].   

Material AlN GaN Si (111) 
c-plane 

sapphire 
6H-SiC 

Lattice constant 𝑎0(Å) 3.112 3.189 3.840 4.758 3.081 

Lattice constant 𝑐0(Å) 4.982 5.185 - 12.991 15.117 

Thermal expansion 

coefficient  (10-6 K-1) 
4.15 5.59 2.6 7.3 4.46 

 

 

1.4 Status of Vertical AlGaN Deep UV LEDs  

1.4.1 Benefits of LEDs Operating under Vertical Current Injection 

A major challenge in LEDs with lateral injection geometry is that they suffer severely from 

current crowding effect. Figure 1-5(a) shows the schematic structure of LED devices with a lateral 

current injection geometry. It is seen that the majority of the current crowds at the edge of the p-

contact next to the n-type contact. As a consequence, lateral LEDs often suffer severely from local 

heating as well as nonuniform light emission. On the other hand, devices with a vertical current 
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injection geometry, as schematically shown in Figure 1-5(b), can operate under a much more 

uniform current injection across the entire mesa area, making them suffer very minimally from the 

current crowding effect, which further translates to the reduced local heating and uniform light 

emission [31-33]. Moreover, vertical injection geometry has additional benefits such as reduced 

device series resistance and improved device lifetime. In addition, for vertical LEDs, the device 

packaging process is much less complex, and the size of the LED chips can be scaled up to as large 

as 1 × 1 mm2 [34-37].  

 

 

Figure 1-5 Schematics of LEDs with (a) lateral current injection geometry and (b) vertical current 

injection geometry. (a-b) Reproduced with permission [8]. Copyright 2006, Cambridge University 

Press. 

 

1.4.2 Current Status of AlGaN Vertical LEDs in Deep UV Range 

In general, to realize vertically-injected LEDs, two approaches (considered from electrical 

conduction viewpoint) can be used: growth of LED structures on conductive substrates and the 

removal of insulating substrates. The commonly available conductive substrates include n-GaN 

substrates and n-SiC substrates [87, 91]. However, there is little success in realizing vertical deep 

UV LEDs on these conductive substrates. For example, there is no report of vertical AlGaN deep 

UV LED on GaN substrate, whereas on SiC substrate, the only report, to the best of the author’s 
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knowledge, is from Liang et al., who demonstrated 288 nm emitting vertically-injected LED, but 

did not report related device performance [92].  

For insulating substrates, the widely used one is sapphire. To further fabricate AlGaN 

vertical deep UV LEDs, sapphire is removed through a laser lift-off (LLO) process. Compared to 

using conductive substrates, there have been a few demonstrations of vertical AlGaN deep UV 

LEDs using sapphire, e.g., Refs. [32, 33, 93, 94]. The first demonstration was reported by Zhou et 

al., who showed a 280-nm emitting vertical AlGaN LEDs with sub-milliwatt optical output power 

by removing the GaN buffer layer and sapphire substrate using the LLO process (schematically 

shown in Figure 1-6(a)) [33]. In addition, several research teams have also demonstrated the LLO 

process to separate the sapphire substrate from device structure using AlN/AlGaN superlattice as 

a sacrificial layer [32, 93, 94]. For example, using a 200-nm thick AlN/Al0.5Ga0.5N superlattice as 

the sacrificial layer for the LLO process, Sung et al. reported highly efficient vertical LEDs 

emitting at 277 nm (schematically shown in Figure 1-6(b)) with an EQE up to 8.61% [93]. 

Nonetheless, compared to lateral AlGaN deep UV LEDs, vertical LEDs are much less studied, and 

the shortest emission wavelength has been limited to around 280 nm. The challenges related to the 

LLO process, as well as the limitations related to the use of conductive substrates, will both be 

discussed in Section 1.5.3.  
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Figure 1-6 (a) Schematic of AlGaN LED structures (left) epitaxially grown on sapphire and (right) 

fabricated to vertical LEDs using LLO reported by Zhou et al. Reproduced with permission [33]. 

Copyright 2006, AIP Publishing.  (b) Schematic of 277 nm emitting vertical LED device reported 

by Sung et al. Reproduced with permission [93]. Copyright 2021, AIP Publishing. 

 

1.5 Challenges in Developing AlGaN Vertical Deep UV LEDs 

In this section, challenges related to the material properties of AlGaN, e.g., poor electrical 

doping, which limits the achieving of highly conductive n-type AlN or high Al-content AlGaN 

layers, are presented first. The challenge in p-type doping, which not only limits the development 

of vertical AlGaN deep UV LEDs, but also is a general challenge for AlGaN-based deep UV 

LEDs, are discussed subsequently. This is followed by the discussion on the fabrication challenges 



 14 

for vertical AlGaN deep UV LEDs, including the limitations of using conductive substrates and 

the difficulties in performing LLO.  

 

1.5.1 Doping Challenges for high Al content n-AlGaN 

Although highly conductive n-GaN and low Al-content AlGaN layers have been reported, 

achieving highly conductive high Al-content AlGaN and AlN epilayers with large free electron 

concentrations has remained as a challenge [95-98]. For n-type AlGaN epilayers, Si has been 

widely chosen as the n-type dopant, considering the closely matched atomic radii between Si and 

Al [99-101]. Figure 1-7 presents the activation energy of Si dopants in high Al-content AlGaN 

epilayers. It is seen that for AlGaN epilayers with Al contents less than 85 mol%, the Si dopant 

activation energy remain low, less than 50 meV, meaning a large ratio of dopant ionization and 

low resistivity can be realized in the epilayer at room temperature. Take n-type Al0.81Ga0.19N 

epilayer as an example, the Si dopant activation energy is as low as 15 meV, thus large free electron 

concentrations up to 1019 cm-3 and resistivity as low as 0.026 Ω⋅cm can be achieved [97].  

 

 

Figure 1-7 Activation energy (EA) of Si dopant in high Al-content AlGaN epilayers. Reproduced 

with permission [21]. Copyright 2020, IOP Publishing. 
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However, for AlGaN epilayers with Al content over 85 mol%, the dopant activation energy 

increases drastically. For Si-doped AlN, the measured Si dopant activation energy (180 – 280 

meV) [96, 102, 103] is significantly higher than the theoretical value, which is in the range of 75 

– 95 meV [95, 101]. This huge disagreement is mainly attributed to the presence of point defects 

related to Al vacancies, such as (VAl)3-, Al vacancy carrying three negative charges, and (VAl 

complex)2-, Al vacancy complex with two negative charges [104, 105]. These defects are 

considered as deep-level acceptors which reduce the free electron concentrations. It is also reported 

that at high Si doping levels, Si forms DX center with (VAl)3-, which results in self-compensation 

of Si dopant [103]. Worsening the issue, an increase in dislocation densities has led to a higher 

magnitude of self-compensation [103]. Other defects such as SiN antistites also possess acceptor-

like feature that limit free electron concentrations [106-108]. As such, in the extreme case for Si-

doped n-type AlN epilayers, the resistivity remains larger than 10 Ω⋅cm at room temperature [109].  

 

1.5.2 Doping Challenges for p-AlGaN 

The p-type doping in AlGaN epilayers remains as a major challenge, not only for the 

development of vertical deep UV LEDs, but also for all devices employing p-type AlGaN 

epilayers. To date, p-type dopants such as magnesium (Mg), beryllium (Be), zinc (Zn), calcium 

(Ca) have been investigated as the dopant choice for AlGaN alloy [110-114]. Mg remains the most 

widely-used p-type dopant for AlGaN. However, due to the large hole effective mass in AlGaN, 

the Mg activation energy is large (up to around 600 meV for AlN) [110, 111]. As such, only a 

small percentage of Mg dopant can be ionized in p-AlGaN epilayers at room temperature. In Table 

1-4, a list of free hole concentrations, Mg doping concentrations, Mg dopant activation energy, 
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and room temperature resistivities of p-type AlGaN epilayers with various Al content are 

summarized.  

 

Table 1-4 Summary of free hole concentrations, Mg doping concentrations, Mg dopant activation 

energy, and resistivity of p-type AlGaN epilayers with various Al content. 

Al 

content 

Mg doping 

concentration 

(cm-3) 

Free hole 

concentration 

(cm-3) 

Dopant 

Activation 

Energy (meV) 

Resistivity 

(Ω⋅cm) 
Reference 

1 2×1019 1×1010 630 >1×108 [84] 

0.7 5×1019 6×1017 220 1.9 [123] 

0.6 2×1019 3×1018 360 10 [124] 

0.4 2×1019 4.75×1018 172 Not measured [125] 

0.27 1×1020 2.3×1019 Not measured 1.2 [121] 

0 ~2×1020 1.9×1019 43 0.19 [122] 

 

 

A number of reasons are associated with the large activation energy in Mg-doped AlGaN 

epilayers. First, the growth environment of AlGaN epilayers generally incurs a number of 

impurities such as Carbon (C), Oxygen (O), and hydrogen (H). Both C and O are electron donors 

for AlGaN, making such epilayers with large background doping concentrations [115-118]. The 

presence of H in the growth environment also leads to formations of Mg-H complexes, which 

further suppress the activation of Mg dopants [119]. These issues are found drastically severe in 

AlGaN epilayers grown by metal-organic chemical vapor deposition (MOCVD); yet for AlGaN 
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grown by MBE, these impurities can be effectively minimized, thus AlGaN epilayers with higher 

hole concentrations can be obtained [120-123].  

Compensating defects are another reason that limit free hole concentration in p-type AlGaN. 

Nitrogen vacancies carrying three positive charges (VN
3+) are deep-level donors that induce VN

3+-

Mg deep-level transitions, which neutralize Mg acceptors and lower the conductivity of p-AlGaN 

epilayer [118, 126, 127]. The increase in nitrogen vacancies has also been linked to alter the strain 

of AlGaN epilayers, turning them from compressive-strained to tensile-strained, which further 

limit Mg incorporation [128]. Furthermore, recent studies have also reported the diffusion of Mg 

dopants along dislocations, forming Mg-to-screw-dislocation (Mg-TSD) complexes, which turn 

the p-type epilayer into n-type [129, 130]. Such complexes further lead to large reverse bias 

leakage current [131]. Worsening the issues, as the doping level of Mg increases, the formations 

of inversion domains have also been observed, which can cause structural degradation that 

severely decreases the conductivity of the p-type AlGaN epilayers [132, 133]. 

It is worthy to note that, very recently, high free hole concentrations of ~3×1018 cm-3 and a 

low dopant activation energy (37 meV) were reported in Be-doped AlN epilayers grown by metal-

modulated epitaxy (MME) [98, 134], which looks promising for solving the p-type doping 

challenge. 

 

1.5.3 Fabrication Challenges for Deep UV Vertical LEDs  

The unviability of high Al content AlGaN substrates and the electrical doping challenges in 

high Al content AlGaN essentially limit the choices of substrates to GaN, SiC, and sapphire. 

However, although n-GaN bulk substrates are highly conductive, there is an up to 2.4% lattice 

mismatch with AlGaN [2]. The tensile strain induced during the growth of AlGaN epilayers on 
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GaN leads to additional issues such as crack formation, making it difficult to have high quality 

device layers. Although these issues might be mitigated by various buffer layers, the highly 

absorptive nature of GaN in the deep UV range is a decisive parameter that requires the removal 

of GaN substrates. For SiC, although the lattice mismatch with AlGaN is reduced, the highly 

absorptive nature of SiC in the deep UV range also requires the removal of SiC. For sapphire 

substrate, as it is insulating, removal is also a must. 

Nonetheless, different from the LLO process of GaN, the LLO process of AlN or high Al 

content AlGaN (both of which are required for AlGaN deep UV LEDs) is much more difficult. 

This is because the high temperature decomposition of AlN during the LLO process generates 

rigid Al metals on the separated layers, which are not only hard to be removed, but also result in 

cracks and fractures in the separated layers, e.g., active regions. In addition, LLO process was 

reported to induce additional point defects as well as screw dislocations in the separated LED 

structures, which lead to an increase in the reverse-bias leakage current [135-137].  

In the past, to alleviate various LLO-related issues, different approaches have been proposed, 

such as the use of low temperature-AlN insertion layer between the GaN buffer layer and device 

layers, the use of AlN/AlGaN superlattice sacrificial layer for the LLO process between AlN buffer 

and device layers, nonetheless, as discussed in Section 1.4.2, the device development has been 

limited, and moreover, a substrate that can be removed easily is preferred.    

 

1.6 Applications of Si to Vertical AlGaN Deep UV LEDs 

The issues related to LLO have made Si substrate an attractive platform for vertical AlGaN 

LEDs. This is because the removal of Si substrate can be achieved by chemical wet etching, 

avoiding cracking or performance degrading issues related to LLO process [138, 139].  Moreover, 
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it is undeniable that Si owns the most dominant market in the current semiconductor industries, 

and large-size (up to 12-inch) Si wafers are readily available [24, 38, 39]. Compared to the other 

substrates such as sapphire, SiC, GaN and AlN substrates, Si substrate can be acquired at a low 

cost [17, 24, 140-142]. In specific, the production cost for one Si wafer is only 1/10 of that for 

sapphire, 1/30 of that for SiC, and 1/100 of that for bulk GaN substrate [142]. In addition, 

compared to sapphire, Si substrate is highly electrically- and thermally-conductive, and both n-

type and p-type Si wafers with low resistivity are also available in the market.  

In fact, high performance vertical LEDs have already been demonstrated using wet-etching 

method to remove Si substrates and transferring the GaN-based LED structures onto metal plates 

or metal substrates [143-146]. For example, Lau et al. demonstrated the removal of Si substrates 

from GaN LED structures (schematically shown in Figure 1-8(a)) using a mixture of acid solutions 

(HF:HNO3:CH3COOH) [143]. By transferring the LED structures onto copper (Cu) substrates 

deposited with reflective metal layers, as shown in Figure 1-8(b), they reported vertical LEDs 

emitting at around 460 nm. The device optical output power is increased by 5 times compared to 

that before the transfer process [143]. Recently, using a similar approach for the removal of  Si 

substrates and bonding the LED structures to stacks of metal layers deposited on a new Si wafer, 

Wang et al. reported vertical LEDs emitting at 450 nm with optical output power up to 1 W and a 

wall plug efficiency (WPE) of 57% [146].  
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Figure 1-8 (a) Schematic of GaN-based LED structure grown on Si reported by Lau et al. (b) 

Fabrication process for vertical LED devices by bonding the LED structures onto Cu substrate. (a-

b) Reproduced with permission [143]. Copyright 2011, Optica Publishing Group. 

 

In addition to being a substrate platform, Si can also serve as a decent light reflector for deep 

UV light [81, 147]. It is found that, despite Si has a large light absorption coefficient in the deep 

UV range, the light penetration depth is short (on the order nm range), leading to the majority of 

deep UV light being reflected rather than absorbed [147, 148]. Substantial improvement in light 

output power and EQE have been observed by Liu et al., who reported 226 nm emitting AlGaN 

deep UV LEDs grown on bulk AlN substrates by adopting p-type Si as a reflector [81]. Compared 

to the LED structure with a 200-nm p-GaN contact layer (Figure 1-9(a)), the LED structure with 

p-type Si/Al2O3/p-GaN heterojunction (Figure 1-9(b)) as the contact layer showed a 60% to 62% 

improvement in LEE, as demonstrated from the simulated light transmission proportion shown in 

Figure 1-9(c) [81]. Such device had a maximum output power of 225 μW and a peak EQE of 0.2%, 

both of which are the highest among LEDs emitting at a similar wavelength. 
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Figure 1-9 (a) Schematic of LED structure with conventional p-GaN contact layer. (b) Schematic 

of LED structure with p-Si/Al2O3/p-GaN as contact layer. (c) Simulated light transmission 

proportion collected from the bottom (AlN substrate side). (a-c) Reproduced with permission [81]. 

Copyright 2018, AIP Publishing. 

 

1.7 Challenges of Obtaining High Quality AlGaN Epilayers on Si 

Despite of the promises, it remains challenging to obtain high quality AlGaN epilayers on 

Si substrate. The fundamental limitation is attributed to the large material mismatch, i.e., both the 

lattice constant and thermal expansion coefficient mismatches between AlGaN alloy and Si. As 

presented earlier in Table 1-3, the lattice constant mismatch between AlxGa1-xN and Si (111) 

substrate ranges from 17% (x = 0) to 19% (x = 1). Tensile strain is generated during the growth of 

AlGaN epilayers on Si. In addition, a 60% (x = 1) up to 115% (x = 0) mismatch of thermal 

expansion coefficient exists between AlGaN and Si, which creates more tensile strain during the 

cooling down process, leading to large TDDs. The typical TDDs are on the order of 1010 to 1011 

cm-2 for AlGaN epilayers grown on Si [149-152]. Furthermore, due to the large amount of tensile 

strain generated, large networks of cracks are also observed on AlGaN epilayers grown on Si 

substrate [17, 153, 154].  

In order to obtain high quality AlGaN epilayers on Si, various buffer layer technologies have 

been explored [40-51]. Among them, using AlN buffer layers by ELO is by far the most successful 
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one [46-49]. Figure 1-10 describes a detailed wafer preparation process for nano-sized patterns for 

the ELO-AlN growth [48]. An AlN layer with a thickness of several hundred nm is first grown 

directly on Si substrates. Subsequently, periodic patterns of various shapes are created on the AlN 

seed layer. Finally, AlN epilayer is grown on such a patterned substrate by exploiting a coalescence 

process. Such technique has enabled 2µm-thick ELO-AlN layer on Si with an AlN 0002 XRD 

rocking curve full-width-at-half-maximum (FWHM) of 499 arcsec [48].  

 

Figure 1-10 Fabrication processes for patterned AlN template for ELO-AlN. Reproduced with 

permission [48]. Copyright 2020, AIP Publishing. 

 

In the past, ELO-AlN epilayers with low TDDs on the order of 107 cm-2 and rms roughness 

of 1.6 nm have also been reported [47, 155]. This has further led to AlGaN deep UV LEDs on Si 

using such AlN epilayers as buffer layers. For example, using a trench-patterned ELO-AlN buffer 

layer (Figure 1-11(a)), Mino et al. reported AlGaN deep UV LEDs with emission wavelengthes 

from 278 nm down to 256 nm (Figure 1-11(b)) [51]. It is also notable that 256 nm was by far the 

shortest emission wavelength from AlGaN deep UV LEDs using AlGaN epilayers on Si prior to 

this thesis work.  
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Figure 1-11 (a) SEM image of a trench-patterned ELO-AlN. (b) EL spectra of AlGaN LEDs grown 

on ELO-AlN buffer layer. Reproduced with permission [51]. Copyright 2011, IOP Publishing. 

 

In addition to ELO-AlN buffer layers, AlN/AlGaN superlattice transitioning layers and 

compositionally-graded AlGaN layers have also been used and high quality AlGaN epilayers have 

been reported. For example, using two superlattice transistioning layers consisting of AlN/ 

Al0.85Ga0.15N and Al0.85Ga0.15N/Al0.6Ga0.4N (schematically shown in Figure 1-12), Huang et al. 

demonstrated a crack-free 2-μm-thick Al0.5Ga0.5N epilayer on Si substrate [45]. The as-grown 

Al0.5Ga0.5N epilayer has a low 0002 rocking curve FWHM of 499 arcsec and a rms roughness of 

1.5 nm, both of which are lower than other AlGaN epilayers grown on Si substrate with a similar 

thickness and Al content [43, 44, 156].  
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Figure 1-12 Crack-free 2-μm-thick AlGaN epilayer grown on Si using two superlattice 

transitioning layers. Reproduced with permission [45]. Copyright 2020, ROYAL SOCIETY OF 

CHEMISTRY. 

 

On the other hand, depsite of the success of these apporaches, they all require thick buffer 

layers as well as complicated fabrication processes. For example, in the study by Huang et al., a 

buffer layer (combing AlN and superlattice layers) with thickness over 1µm is used between the 

top AlGaN epilayer and Si [45], making the growth process highly complicated and time-

consuming. In the case of ELO-AlN, several µm thick AlN buffer layer is often required for quality 

control. For example, the AlGaN LED structures reported by Mino et al. are grown on a 4-µm-

thick ELO-AlN buffer layer [51]. In addition, the complicated patterned wafer fabrication process 

is also associated with extra dollar and time costs. As such, a new approach is desirable for the 

development of vertical AlGaN deep UV LEDs.  

 

1.8 Overview of Thesis 

Following the introduction in Chapter 1, in Chapter 2, the main features of MBE system are 

first discussed. This is followed by a review on AlGaN epitaxy on Si by MBE. The studies on the 

MBE growth of III-nitride nanowires and their applications to epilayers are also presented.  
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In Chapter 3, the development of nanowire-assisted AlN epilayers (denoted AlN-on NW) on 

Si substrate is described. Such AlN epilayer possesses excellent surface morphology, including a 

highly smooth surface at a near wafer scale (3-inch), with a rms surface roughness of as low as 0.4 

nm. Vertically-injected AlGaN deep UV LEDs are further demonstrated on such AlN-on-NW 

buffer layer. Detailed characterizations on the electrical and optical performance of such AlGaN 

LEDs are also discussed.  

In Chapter 4, the role of nanowires on the crystalline quality and the optical properties of 

AlN epilayers are further elucidated, by studying AlN-on-NW epilayers under a wide range of 

growth conditions, in comparison with AlN epilayers grown directly on Si substrate. Various 

characterizations consistently suggest that, with the use of the nanowire layer, the crystalline 

quality of AlN epilayers is improved drastically, and the lattice strain of these epilayers can be 

greatly relaxed. These improved structural properties further transfer to the improved p-type 

doping and the device performance. The underlying mechanisms are also discussed.  

 In Chapter 5, the demonstrations of vertical AlGaN deep UV LEDs emitting from 298 nm 

to 247 nm are presented, through developing AlGaN epilayers with various Al contents on the 

AlN-on-NW buffer layer.  

In Chapter 6, by using polarization doped p-type AlGaN epilayers, AlGaN deep UV LEDs 

emitting at 278 nm are presented. Enhancements on the electrical performance are also discussed.     

In Chapter 7, we further describe the development of far-UVC light emitting AlGaN alloys, 

given that far-UVC light effectively deactivates pathogens and viruses while is considered safe to 

human skin exposure. In this regard, both high Al-content (up to 79 mol%) AlGaN epilayers and 

GaN/AlN stacks are explored. Room temperature far-UVC emissions with wavelength down to 

218 nm are demonstrated using GaN/AlN stacks.   
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In Chapter 8, conclusions are made together with the future developments.   

 

1.9 Contribution of This Thesis Work 

In this thesis, a novel approach to obtain high-quality AlN on Si is presented. Using such 

AlN as buffer layers, device quality AlGaN epilayers are further obtained, which in consequence 

lead to the demonstrations of vertical AlGaN deep UV LEDs with excellent electrical performance. 

Moreover, the role of the nanowire template on the crystalline quality and electrical doping 

properties are elucidated in this thesis.  
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CHAPTER 2.  

Molecular Beam Epitaxial Growths of AlGaN Epilayers on Si 

To date, MBE is one of the most widely used growth methods for the synthesis of 

semiconductor epilayers [16, 23, 99, 157, 158]. In this chapter, the main features of the MBE used 

in this thesis study are discussed in Section 2.1. A review on the studies of the MBE growth of 

AlGaN epilayers on Si is presented in Section 2.2. The MBE growth of III-nitride nanowires and 

their applications to epilayers on Si are described in Section 2.3. 

 

 

Figure 2-1 Photo of the MBE growth chamber used in this thesis study. 

 

2.1 Main Features of MBE 

Figure 2-1 shows a diagram of the MBE growth chamber used in this thesis study. The base 

pressure is generally held on the order of 10-10 to 10-11 Torr, which sufficiently limits the 

incorporation of impurities in the growth chamber. An ion gauge is equipped to monitor the 

pressure in the growth chamber. To preserve the ultrahigh vacuum (UHV) environment in the 



 28 

growth chamber, vacuum pumps including ion pump and cryogenic pump are equipped. A residual 

gas analyzer is further integrated to perform the impurity chemical analysis such as CO2, O2, and 

H2.  

Aside from the growth chamber, the load-lock chamber and the buffer chamber are also kept 

under UHV environment. The load-lock chamber, with a typical pressure on the order of 10-8 Torr, 

is used for loading and unloading the wafers and is the only chamber with direct contact to the 

ambient environment. It consists of a heating filament which is used to bake the chamber before 

transferring the wafers into buffer chamber. The buffer chamber is pumped by an ion pump and 

the pressure is maintained on the order of 10-9 Torr. In addition, a substrate heater is equipped in 

the buffer chamber for wafer outgassing purpose.  

Source materials used for MBE growth are of ultra-high purity and controlled individually 

in the thermal effusion cells, which further minimize any impurity contamination in the growth 

chamber. Each source material is placed in a crucible within the effusion cell, where the amount 

of material supply can be controlled by adjusting the cell temperature. A beam flux monitor is also 

equipped in the growth chamber to measure the amount of material supplied, through measuring 

the beam equivalent pressure (BEP), often referred to as “flux”. Active nitrogen radicals (including 

neutral atomic N and metastable N2
*) are generated by electrically discharging ultrahigh purity 

nitrogen gas through a plasma source [159].  

Electron-cyclotron resonance microwave (ECR) [160] and radio-frequency (RF) plasma 

[161] are the widely used plasma sources for nitrogen. Neutral atomic N, metastable N2
*, and ionic 

species are generated in the plasma source [159, 162, 163]. RF plasma source (used in this thesis 

study) is generally preferred due to the higher neutral atomic N generated for the epitaxial process 
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[164]. MBE systems integrated with a RF plasma source are often referred as RF plasma assisted 

MBE (RF-PAMBE).  

The MBE system is also integrated with reflection high energy electron diffraction 

(RHEED), which offers in-situ monitoring of the structural evolution during the growth. Figure 

2-2 shows the typical geometry of the RHEED component [165]. During the growth, an electron 

gun sends high energy electron beams to the sample surface at a grazing incident angle. The 

incident electrons are diffracted from the atoms on the sample surface. A portion of the diffracted 

electrons interfere constructively and are further captured on the phosphor-coated screen, forming 

diffraction patterns. In general, RHEED patterns are widely used for multiple analyses such as 

surface roughness, polarity, growth rate, as well as measurement of the thickness of epilayer [166-

169].  

 

Figure 2-2 Schematic of RHEED geometry. Reproduced with permission [165]. Copyright 1995, 

Elsevier. 
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2.2 AlGaN Epitaxy on Si by MBE 

The MBE growth of III-nitrides on Si substrates can be traced back to 1989, when Sitar et 

al. demonstrated the growths of polycrystalline GaN on Si (100) substrates using an ECR-MBE 

system [160]. In the meantime, using ECR-MBE, the research team led by T.D. Moustakas also 

demonstrated the growth of wurtzite GaN on Si (111) substrates [170-172]. However, such GaN 

epilayers also exhibited large densities of stacking faults and zinc-blende components as revealed 

from X-ray diffraction (XRD) scans [172]. Improvement on the crystal quality of GaN epilayer 

was later reported by Ohtani et al., who demonstrated the growth of crack-free, monocrystalline 

wurtzite GaN epilayers on Si (111) [173, 174]. Such GaN epilayer also exhibited a PL peak 

position of 3.46 eV at 10 K, which was among the first demonstrated GaN epilayer on Si that 

exhibited luminescence [174].  

The MBE growth of AlN epilayers on Si substrates was started in the early 1990s by 

Miyauchi et al., who presented single crystalline AlN epilayers on Si (111) substrates using ECR-

MBE [175]. Improvement on the quality of AlN epilayers on Si was then reported by Yasutake et 

al., who presented a rms roughness as low as 0.3 nm from AlN epilayers grown by RF-PAMBE 

[161]. The 002 XRD rocking curve FWHM, nonetheless, was broad. At around the same time, 

Calleja and co-workers studied the effect of both III/V ratio and temperature on the MBE growth 

of AlN epilayers on Si, and demonstrated a high growth rate up to 500 nm/hr with RF-PAMBE 

[176, 177].  

Using AlN as a buffer layer, AlGaN epilayers as well as UV light emission from LED 

devices were also reported on Si substrates by MBE [178-184]. Guha and Bojarczuk were among 

the first to use MBE for the growth of AlGaN epilayers on Si substrates [178]. It is also noted that, 

using a AlGaN/GaN/AlGaN heterostructure, the same research team further reported UV light 
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emission (λ ~ 360 nm) from the LED device [179, 180]. At around the same time, Garcia et al. 

demonstrated the growth of AlGaN epilayers with various Al contents (from 10% to 76%) on Si 

substrates [181, 182], and reported UV light emission (λ ~ 365 nm) with an light output power up 

to 1.5 µW using an n-Al0.15Ga0.85N/p-GaN single heterojunction [185].  

On a different approach, using ammonia-based gas source MBE system, Nikishin et al. 

studied the effect of V/III ratio on the growth of AlGaN epilayers across the entire composition 

range with an 130-nm thick AlN buffer layer and a 70-nm thick AlGaN/GaN superlattice layer, 

and established the bandgap dependence on the Al composition of AlGaN epilayers [183, 184].  

 

2.3 MBE Growths of III-Nitride Nanowires and Their Applications to Epilayers 

In addition to epilayers, MBE is an emerging technique for the synthesis of III-nitride 

nanowires [186-189]. In general, III- nitride nanowires can be spontaneously grown by MBE under 

N-rich condition [59]. The formation of the nanowires can be explained by a diffusion-induced 

mechanism which is schematically demonstrated in Figure 2-3. Metal adatoms diffuse on the 

substrate surface and form metal nucleation sites on the substrate. Because of the lower formation 

energy on the nanowire top surface, adatoms migrate from the nanowire sidewalls towards the top 

surface, thus promoting the axial growth [189]. The density of the nanowires can be partially 

controlled by adjusting the growth parameters including temperature and metal fluxes during the 

initial nucleation [188]. MBE-grown III-nitride nanowires can be formed without using any 

foreign metal catalyst on over a wide range of substrates, including Si substrates [59, 189, 190], 

metal thin films [191-193] and graphene [194-196].  

A main benefit of nanowires is their larger surface-area-to-bulk-volume ratio, so that lattice 

strain can be relaxed more efficiently than planar counterparts. Moreover, dopant incorporation 
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can also be enhanced in nanowires. Using AlGaN nanowires grown by MBE, high electrical 

efficiency deep UV LEDs [89, 90, 197] and electrically injected deep UV lasers [198-200] have 

been demonstrated.  

 

Figure 2-3 Growth process of nanowire via diffusion-induced mechanism. Reproduced with 

permission [189]. Copyright 2007, AIP Publishing.  

 

In addition, III-nitride nanowires can also be used as a template layer for the growth of III-

nitride epilayers, exploiting their excellent strain relaxation characteristics. In the past, multiple 

studies have been conducted on obtaining GaN epilayers on Si substrates by exploiting the 

coalescence of GaN nanowires [190, 201-203]. For example, Averett et al. demonstrated the lateral 

epitaxial overgrowth of GaN nanocolumns which exhibited a PL intensity more than two orders 

of magnitude higher than directly grown GaN epilayers grown on Si substrates [201]. Using a 

similar approach, Dogan et al. further reported that microcrystals obtained from coalescence of 

GaN nanowires through pendeoepitaxial overgrowth exhibited exceptional structural and optical 

quality, including a PL peak position at 3.471 eV at 10 K, which was very close to the strain-free 

value [202]. Nonetheless, the surface morphology of the coalesced GaN epilayers has remained 

poor, either with a large density of 3D features or with regions showing incomplete coalescence 
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on the surface. It is not until very recently that smooth GaN epilayer with a rms roughness of 0.562 

nm was reported by Aiello et al. on coalesced GaN nanowires [203]. Light emission at 477 nm 

was further measured from InGaN quantum dots grown on such GaN buffer layers.  

Our group has also conducted the research on obtaining epilayers through a coalescence 

process, which exploited GaN nanowire template and the coalescence of AlN on Si substrates, and 

successfully demonstrated both AlN and AlGaN epilayers in N-rich conditions with rms roughness 

as low as 1.8 nm [204-206], which is comparable to the rms values of typical III-nitride epilayers 

grown under N-rich conditions [207-209]. In this thesis study, the focus is on metal-rich conditions 

for the growth of AlN and AlGaN epilayers on Si, and vertical UV LEDs. 
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CHAPTER 3.  

Demonstrations of AlN-on-NW Buffer Layer for Vertically-Injected Deep 

Ultraviolet LEDs on Si  

In this chapter*, AlN epilayers grown on nanowire template (denoted AlN-on-NW) with 

excellent surface morphology are realized under metal-rich conditions. Further utilizing such AlN-

on-NW template as buffer layers, vertically-injected AlGaN deep UV LEDs are demonstrated. The 

electrical and optical properties of such AlGaN deep UV LED are also analyzed in detail.  

 

3.1 Manuscript 
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nanowire-assisted aluminum nitride buffer layer 
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Abstract 

Vertical light-emitting diodes (LEDs) have many advantages such as uniform current 

injection, excellent scalability of the chip size, and simple packaging process. Hitherto, however, 

technologically important semiconductor aluminum gallium nitride (AlGaN) deep ultraviolet 

(UV) LEDs are mainly through lateral injection. Herein, we demonstrate a new and practical path 

for vertical AlGaN deep UV LEDs, which exploits a thin AlN buffer layer formed on a nanowire-

based template on silicon (Si). Such a buffer layer enables in situ formation of vertical AlGaN 

deep UV LEDs on Si. Near Lambertian emission pattern is measured from the top surface. The 

decent reflectivity of Si in the deep UV range makes such a configuration a viable low-cost solution 

for vertical AlGaN deep UV LEDs. More importantly, the use of such a thin AlN buffer layer can 

allow an easy transfer of device structures to other carrier wafers for vertical AlGaN deep UV 

LEDs with ultimately high electrical and optical performance. 

 

3.1.1 Introduction 

Deep UV light sources play a critical role in our everyday life for a wide range of 

applications in disinfection, UV curing in the production of any personal electronic devices, and 

bio-chemical sensing. Today, the dominant technologies have remained relying on mercury lamps, 

which are hazards to both the environment and human health. In this context, a significant effort 

has been devoted to the development of semiconductor deep UV LEDs based on AlGaN alloys, 

which are the materials of choice for semiconductor deep UV LEDs1-12. 

In general, there are two schemes for the current injection of a LED device: vertical and 

lateral. Compared to the lateral scheme, vertical injection offers a number of advantages such as 

uniform current injection, excellent scalability of the chip size, and simple packaging process6,13-
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16. A uniform current injection is also critical for laser devices17,18. Nonetheless, realizing vertical 

AlGaN deep UV LEDs remains to be a challenge in the field; and the majority device 

demonstrations of AlGaN deep UV LEDs so far are through lateral current injection. The latest 

review on this topic can be found, e.g., in Ref.6. 

Two common approaches of fabricating vertical LEDs are: 1) using conductive substrates, 

and 2) substrate removal and bonding to a second carrier wafer. Both approaches, however, are 

difficult to implement for vertical AlGaN deep UV LEDs. Today, AlGaN deep UV LEDs are 

mainly on insulating sapphire substrates, precluding the in situ vertical current injection. On the 

other hand, although n-SiC and n-GaN substrates are conductive, they have a number of 

limitations. The lattice mismatch between GaN and AlN is a known challenge6, whereas although 

the lattice mismatch between SiC (6H) and AlN is small, it faces a substrate cost penalty19. More 

adversely, both n-SiC and n-GaN have a strong deep UV light absorption. As such, in both 

scenarios, i.e., insulating substrates (sapphire) and conductive substrates (n-GaN, n-SiC), substrate 

removal is necessary.  

Laser lift-off (LLO) has been successful in the fabrication of InGaN visible color LEDs since 

the first demonstrations around 200013,14. However, the success cannot be transferred to AlGaN 

deep UV LEDs, due to the need of AlN buffer layers for AlGaN deep UV LEDs. The LLO of AlN 

is difficult due to the high melting point of AlN, as well as the generation of Al during the LLO 

process, which can lead to cracks and is difficult to remove20-25. This is in addition to a possible 

device degradation incurred in the LLO process26,27.  

Different from substrates mentioned above, Si substrate can be removed easily by wet 

etching processes28,29. Moreover, Si substrate is available at a large size at a low cost and is thus 

favorable for mass production. However, growing high quality AlGaN epilayers on Si is a 
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challenge. The large tensile stress in AlN and high-Al content AlGaN alloys, due to their large 

lattice mismatches with Si (e.g., 19% for AlN), leads to poor material quality (e.g., cracks, poor 

surface morphology)30,31. To mitigate the challenge, various approaches, such as low-temperature 

(LT)/high-temperature (HT) AlN buffer layers, epitaxial lateral overgrowth (ELO)-AlN buffer 

layers, AlGaN superlattices (SLs), and graded AlGaN buffer layers, have been developed in order 

to obtain high quality AlGaN device layers30-36. These approaches, however, require the use of 

complicated and time-consuming substrate patterning processes or growth processes. Moreover, 

buffer layers of several μm thick are required in order to obtain high quality device layers. The 

thick, insulating buffer layers used in these approaches only led to laterally injected AlGaN deep 

UV LEDs30,33,36,37. 

An alternative path for vertical AlGaN deep UV LEDs is to use nanowire structures38,39. 

However, the fabrication of AlGaN nanowire deep UV LEDs is one remaining issue. This is 

mainly due to the presence of gaps amongst nanowires. For example, due to the presence of gaps, 

certain planarization is required. Conventionally, this is done by polymer backfill. However, the 

commonly available polymers absorb deep UV light strongly and degrade under deep UV light 

illumination. It is ideal to have an AlGaN deep UV LED technology on Si that combines the 

advantage of nanowires (e.g., better stress relaxation) and epilayers (e.g., manufacturing-

compatible device fabrication process).  

Recently, we have shown that by using a nanowire template, AlN epilayers can be formed 

on Si, which have further led to AlGaN epilayers with a relatively high internal quantum 

efficiency40-42. In this work, we further demonstrate vertical AlGaN deep UV LEDs on Si 

following the idea of nanowire-assisted AlN buffer layer but with modifications: First, to improve 

the quality of the nanowire template, a pre-nanowire AlN layer is intro- duced to remove any 
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residual tensile stress on the nanowire template from the Si substrate. Second, metal-rich condition, 

rather than nitrogen-rich condition, is used for the growth of the AlN buffer layer, in order to 

achieve a smoother surface. The use of metal-rich conditions in general promises a smoother 

surface compared to using N-rich conditions in a radio-frequency nitrogen-plasma-sourced 

molecular beam epitaxy (MBE) system. Devices emitting in the deep UV range are demonstrated 

using such a modified AlN buffer layer in situ on Si. As Si is a decent reflector in the deep UV 

range43,44 and highly electrical and thermal conductive, such a configuration could be a possible 

path of fabricating vertical AlGaN deep UV LEDs and offers a potential benefit of direct 

integration to other electronic components on Si. More importantly, due to the thickness of the 

AlN buffer layer is very thin, it can be removed easily by chemical wet etching, which is 

compatible with the fabrication process of vertical InGaN visible color LEDs on Si 

substrates28,29,45,46, allowing for the achievement of vertical AlGaN deep UV LEDs with ultimately 

high electrical and optical performance. 

 

3.1.2 Results 

The MBE growth and characterization of the AlN epilayer is described first. The schematic 

of the structure is shown in Figure 3-1a, which starts with a thin (1 – 2 nm) AlN layer, followed 

by a thin (50 – 100 nm) GaN nanowire layer. Figure 3-1b shows the reflection high-energy electron 

diffraction (RHEED) pattern during the growth of the GaN nanowires. Regularly arranged dots 

are seen, suggesting a 3-dimensional (3D) growth. This RHEED feature is different from the arcs 

as often observed from self-organized GaN nanowires, which indicates the improvement of the 

nanowire vertical alignment with respect to the substrate, due to the use of the thin pre-nanowire 

AlN layer47,48. 
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Figure 3-1 (a) Schematic of the growth of the AlN epilayer on Si substrate using a nanowire-based 

template. (b) RHEED pattern taken during the growth of the nanowires. (c) and (d) RHEED 

patterns taken along the <11�̅�0> direction and <1�̅�00> direction, respectively, during the growth 

of AlN epilayer. The arrows reflect the 2×6 RHEED reconstruction. 

 

The start of the growth of the AlN epilayer led to the RHEED pattern transition from being 

spotty to being streaky. The Al-rich growth condition was confirmed by the presence of excess Al 

through the following observations: (1) the Al shutter open and close test, wherein the close of the 

Al shutter led to an increase of the RHEED intensity and the opening of the Al shutter led to an 

intensity decrease; and (2) the observation of the RHEED 2×6 reconstruction (Figure 3-1c and 

Figure 3-1d) during the growth, which is a signature of Al adlayer49,50. Such a RHEED pattern also 

reflects that the AlN epilayer is Al-polar. In addition, the narrow, bright, and streaky RHEED 

pattern suggests a highly smooth surface.  

Figure 3-2a shows the optical image of the as-grown AlN wafer, an optically smooth surface 

can be seen. The surface of the as-grown AlN wafer was further examined by scanning electron 

microscopy (SEM). The images were taken at a tilting angle of 45°. Figure 3-2b shows a typical 

SEM image, highlighting a very smooth surface. The inset of Figure 3-2b shows an SEM image 
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that manifests the cross section, with the Si substrate, GaN nanowire layer, and AlN epilayer 

clearly seen. The surface was further examined by atomic force microscopy (AFM). A typical 

AFM image is shown in Figure 3-2c. For such AlN epilayers, a root-mean-square (RMS) 

roughness of around 0.4 nm can be obtained, which is comparable to the typical metal-polar 

AlGaN thin films grown on sapphire and AlN- on-sapphire template51. This RMS roughness is 

also significantly improved compared to our previous studies41,42. 

To confirm the Al-polar polarity of the AlN epilayer, we have performed potassium 

hydroxide (KOH) etching experiments. In the experiments, 11.2 mol/L KOH solution was heated 

up to 70 °C, and the sample was entirely placed in the solution, followed by de-ionized (DI) water 

cleaning. The SEM image of the AlN epilayer after KOH etching is shown in Figure 3-2d. It is 

seen that hexagonal pits, rather than hillocks, appear on the surface, confirming that the AlN 

epilayer is Al-polar52-54. This Al-polar AlN epilayer can further enable metal-polar AlGaN 

epilayers grown on top. The benefit is, as the opposite side of the metal-polar surface is N-polar, 

which can be selectively etched by KOH, it thus enables the removal of unwanted AlGaN epilayers 

(e.g., additional AlGaN buffer layers for material quality improvement), as well as the roughening 

of the surface through which the light comes out (for flip-chip devices). Indeed, the AlGaN 

epilayers to be described below are metal-polar as confirmed by KOH experiments.  
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Figure 3-2 (a) An optical image showing the surface of the as-grown AlN epilayer. (b) SEM 

images of the as-grown AlN epilayer. Inset: An image highlighting the cross-section. (c) An AFM 

image of the surface of the as-grown AlN epilayer. The image size is 10 μm × 10 μm. (d) An SEM 

image showing the surface of the etched AlN epilayer by KOH. The dashed lines denote the 

hexagonal shapes and the network of hexagonal shapes. 

 

We further demonstrate vertical AlGaN deep UV LEDs using such AlN epilayers as buffer 

layers on Si. The schematic of the device structure is shown in Figure 3-3a, which consists of 

double heterojunctions (DHs) with an i-Al0.4Ga0.6N active region (~15 nm) and p- and n-

Al0.7Ga0.3N cladding layers (~30 nm each). These Al contents were estimated from the room 

temperature photoluminescence (PL) experiments from AlGaN epilayers grown separately on such 

AlN buffer layers. Figure 3-3b shows the room temperature PL spectra measured from the AlGaN 

epilayers intended to be used as the active region and cladding layers for the devices. It is seen that 

PL emission at around 240 nm and 280 nm are measured. Assuming the PL peak energy 

approximately to be the bandgap energy and the bowing factor to be 155, the Al contents in the 
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active region and cladding layers were estimated to be ~40% and ~70%, respectively. It is also 

noted that only a single PL emission peak is seen for both the active region and cladding layers, 

suggesting a uniform alloy composition.  

 

 

Figure 3-3 (a) Schematic of the AlGaN DH LED structure grown on top of the AlN buffer layer 

on Si. The electrical contacts are also shown. (b) Room-temperature PL spectra of the AlGaN 

active region and cladding layers. (c) I-V characteristics of an AlGaN DH LED with a device size 

of 1 mm × 1 mm. The inset shows the measured forward currents from devices with various sizes 

at a forward voltage of 12 V. Numerous devices were tested, and the error bars reflect the current 

variation from devices with the same size. 

 

For device fabrication, we did not use chemical etching to isolate devices with different 

sizes. The isolation was obtained by the limitation of the current spreading length in the vertical 

injection scheme. Our calculation indicates that under an injection current density of 0.1 A/cm2, 

with the best reported p-AlGaN resistivity (Al content of 70%) and the largest ideality factor56-58, 

as well as the present p-AlGaN layer thickness, the maximum current spreading length is on the 
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order of tens of μm. Therefore, by placing p-contact with a separation on the order of several 

hundred μm, devices can be naturally isolated.  

The room-temperature I-V characteristics under a continuous-wave (CW) biasing are shown 

in Figure 3-3c. At forward voltages of 9 V and 12 V, the forward currents were 6 mA and 23 mA, 

respectively, which are improved compared to the previously reported laterally injected AlGaN 

thin film UV LEDs on Si at a similar operating wavelength, e.g., Ref.33. Moreover, the device size 

dependent current further suggests a uniform current injection. Illustrated in the inset of Figure 

3-3c is a device size dependent current under a forward voltage of 12 V, and it is seen that the 

current increase is proportional to the device size increase, indicating a uniform current injection.  

The electroluminescence (EL) spectra under different injection currents are shown in Figure 

3-4a. It is seen that the EL emission occurs at 298 nm. With the change of the injection current 

from 2 mA to 20 mA, no noticeable EL emission peak blueshift and full-width-at-half-maximum 

narrowing are observed. The EL emission wavelength is longer than what we expect, and the 

reason is being investigated. Figure 3-4b shows the EL spectra measured with a UV-VIS 

spectrometer, intended to study the defect EL emission. A parasitic EL emission peak at around 

400 nm is seen, which could be originated from the deep levels in AlGaN alloys59,60. Its intensity, 

however, is significantly lower compared to the main EL emission peak. Figure 3-4c shows the 

light output power as a function of the injection current under a CW biasing. A typical LED 

behavior is seen, i.e., the light output power increases nearly linearly with the injection current. 

Under an injection current of 100 mA, a light output power of 0.3 μW was measured. An optical 

image of the light emission is shown in the inset of Figure 3-4c, wherein a bright and uniform 

emission can be seen.  
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Figure 3-4 (a) Room-temperature EL spectra of an AlGaN DH LED under different injection 

currents. (b) Room-temperature EL spectra taken up to the visible spectral range with currents 

varying from 1 mA to 12 mA. (c) Light output power vs. the injected current. The inset shows an 

optical image of the light emission. (d) Schematic of the setup for the angle dependent EL 

measurement. (e) Emission pattern with the detection angle θ varying from -75° to 75°. The solid 

curve denotes the ideal Lambertian pattern. Device size: 1 mm × 1 mm. 

 

The emission pattern of such LEDs is also studied. In this regard, the optical fiber was tilted 

at various angles with respect to the axial direction (the growth direction) for the light detection, 

as illustrated in Figure 3-4d. The emission pattern is shown in Figure 3-4e by open circles. The 

ideal Lambertian emission pattern is also shown by the solid curve. It is seen that the device shows 

a near Lambertian pattern, suggesting the nature of surface emission.  

 

3.1.3 Discussion 

In this work, we have demonstrated vertical AlGaN deep UV LEDs on Si. Such devices are 

made on a special AlN buffer layer that is formed with the assistance of a nanowire-based template. 

As Si is a decent reflector in the deep UV range, such vertical devices offer a low-cost solution for 



 45 

vertical semiconductor deep UV LEDs and a potential benefit of in situ integration to other 

electronics on Si, and are suitable for low-power applications. Further improvement on the 

electrical performance for such devices is expected by optimizing the electrical doping; and further 

improvement on the light output power can be expected by optimizing the p-contact and adopting 

more complicated device designs such as using quantum wells and electron blocking layers. More 

attractively, as the thickness of the AlN buffer layer is very thin, it can be removed easily by 

chemical wet etching (same for the nanowires, as the sidewall of nanowires grown by MBE is N-

polar, e.g., Ref.61), which allows the transfer of device structures grown on top to other carrier 

wafers for the achievement of vertical AlGaN deep UV LEDs with ultimately high electrical and 

optical performance. Therefore, this work enables a practical path for high performance vertical 

semiconductor deep UV LEDs. 

 

3.1.4 Methods 

Molecular beam epitaxial growth. All the samples in this work were grown by radio-

frequency plasma-assisted molecular beam epitaxy on n-Si (111) substrates. The substrates 

underwent standard solvent cleaning and in situ thermal outgassing prior to the growth. The Al 

fluxes for the pre-nanowire AlN layer and the AlN buffer epilayer were 2×10-8 Torr and 5×10-8 

Torr, respectively. For the AlGaN DH LED structure, the Al flux was in the range of 2.8 – 3.5×10-

8 Torr. The Ga flux was around 1.4×10-7 Torr for all layers in this study. A nitrogen flow rate of 

0.6 sccm was used for the GaN nanowires, whereas for all the epilayers a nitrogen flow rate of 0.3 

sccm was used. A substrate temperature in the range of 720 – 740 °C was used for the AlGaN 

epilayers; and for the AlN epilayers the substrate temperature was roughly 100 °C higher compared 
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to AlGaN epilayers. The Mg doping concentration in the p-AlGaN layer was 1×1018 cm-3, 

estimated by the secondary-ion mass spectroscopy (SIMS, EAG lab). 

Photoluminescence experiments. A 213 nm pulsed laser with a pulse width of 7 ns was 

used to excite the sample. The emitted light from the sample top surface was collected by an optical 

fiber, which was further coupled to a deep UV spectrometer. 

Device fabrication. Metal bilayer Ni (7 nm)/Au (7 nm) was used for p-contact, which was 

fabricated by standard photolithography and metallization processes. The size of p-contact defines 

the size of the device. Colloidal Ag conductive adhesive was used on the backside of n-Si substrate 

as the n-contact.  

Device characterization. The electroluminescence was collected by an optical fiber from 

the device top surface, and both deep UV and UV–VIS spectrometers were used for the spectral 

analysis. The light output power was measured by a Si photodetector, which was placed roughly 

about 5 mm above the device top surface. The device was unpackaged. 
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CHAPTER 4.  

Role of Nanowire Template on the Quality of AlN Epilayers and Performance 

of Vertical AlGaN LEDs 

In this chapter†, a series of comparisons are made on the crystallinity and optical properties, 

including photoluminescence (PL) peak positions and Raman peak shift, of AlN epilayers grown 

on Si with or without the use of nanowire template over a wide range of growth conditions and 

thicknesses, in order to evaluate the role of nanowire template on the quality of AlN epilayers. 

Moreover, properties of Mg-doped AlGaN epilayers grown on AlN-on-NW buffer layers and 

directly-grown AlN buffer layers are also compared. Finally, the electrical and optical properties 

of AlGaN LED structures grown on AlN-on-NW buffer layers and directly-grown AlN buffer 

layers are investigated. 

 

4.1 Manuscript 

Nanowire Template Assisted Epitaxy of Ultrawide Bandgap III-

Nitrides on Si: Role of the nanowire Template 

Qihua Zhang1, Jenaes Sivasundarampillai2, Heemal Parimoo1, and Songrui Zhao1 * 

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

Street, Montreal, Quebec H3A 0E9, Canada 

2 Department of Chemistry, McGill University, 801 Sherbrooke Street West, Montreal, Quebec 

H3A 0B8, Canada 

 
† Section 4.1 is from a manuscript that has been accepted for publication: Q. Zhang, J. Sivasundarampillai, H. Parimoo, 

S. Zhao, "Nanowire Template Assisted Epitaxy of Ultrawide Bandgap III-nitrides on Si: Role of the Nanowire 

Template," ACS Applied Optical Materials, vol. 1, no. 3, p. 652, 2023, doi: 10.1021/acsaom.3c00023. 
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ABSTRACT: Ultrawide bandgap III-nitrides, including AlN and high Al content AlGaN alloys, 

are of great importance for applications to deep ultraviolet photonics and radio frequency 

electronics. However, lack of suitable substrates remains to be a challenge. In this context, we 

investigate the molecular beam epitaxy of AlN and high Al content AlGaN epilayers on low-cost 

Si substrates using a nanowire template as an intermediate layer. First, the role of the nanowire 

template on the quality of AlN is elucidated. By comparing AlN epilayers grown with and without 

the nanowire template over a wide range of growth conditions, it is found that using the nanowire 

template can relax the tensile strain in the AlN epilayers, as well as improve the overall crystalline 

quality. Second, the role of the quality of the AlN epilayer on the quality of the p-AlGaN layer 

grown on top is further discussed. It is found that the improved quality of AlN, due to the use of 

the nanowire template, also transfers to the improvement of the p-type doping in the AlGaN 

epilayers grown on top, which further contributes to a drastic improvement on the electrical 

performance of AlGaN p-i-n diodes, i.e., a factor of 104 reduction on the reverse bias leakage 

current, as well as a 250× improvement on the light output, comparing the structure with and 

without using the nanowire template. The study potentially impacts the development of ultrawide 

bandgap III-nitrides on foreign substrates as well as low-cost ultrawide bandgap III-nitride 

template technologies for a wide range of electronic and photonic device applications.  

KEYWORDS: AlN, AlGaN, molecular beam epitaxy, Si, nanowire, p-n diodes 

 

4.1.1 Main Body 

Ultrawide bandgap semiconductors, including AlN and high Al content AlGaN alloys, are 

considered technologically important for various applications including short wavelength 

ultraviolet (UV) light emitting, high-electron mobility transistors (HEMTs), and field emission, 
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owing to their ultrawide and direct bandgap energies, large breakdown fields, and chemical 

stability.1-7 Moreover, they are widely used as buffer layers for III-nitride electronic and photonic 

devices.8-20 However, the lack of native substrate has posed a significant challenge for the 

development of AlN and high Al content AlGaN based device technologies. The large lattice 

mismatches with commonly available foreign substrates21-23 lead to many issues in the epilayers, 

such as large dislocation densities and cracks. The segregation of dopants to dislocations affects 

the electrical doping and device performance severely.24-32 Although single crystalline bulk AlN 

substrates have been commercially available, they are very costly. A low-cost AlGaN template 

technology is thus necessary for further device development. 

Low-dimensional AlGaN nanowires (NWs) have emerged in the past decade as one way to 

mitigate the issue of lack of native substrate. In fact, AlGaN NWs can be formed on a wide range 

of foreign substrates including amorphous layer, metal foil, and graphene, just name a few.33-37 

The main benefit of using NWs is that due to the large surface area to bulk volume ratio, lattice 

strain can be efficiently relaxed, leading to reduced densities of extended defects such as 

dislocations, compared to planar counterparts.38 Moreover, NWs can also be used as strain-relief 

layer to form device-quality epilayers on top through coalescence processes;39-43 and transmission 

electron microscopy studies have confirmed that NWs can reduce dislocation density in the 

epilayers.39, 40, 42, 43  

Recently, we have demonstrated nanowire template assisted AlN epilayers on low-cost Si 

substrates, including vertical AlGaN UV LED demonstrations.44-49 However, the wafer-scale 

effect of the nanowire template on relaxing the lattice strain and electrical doping remains unclear. 

In this study, we carry out this critical and missing study: evaluating the role of the NW template, 

in the epitaxy of AlN and AlGaN epilayers on Si, using various characterization techniques 
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including X-ray diffraction (XRD), Raman, photoluminescence (PL), current-voltage (I-V) 

characteristics, and electroluminescence (EL). First, by comparing AlN epilayers grown with and 

without the NW template over a wide range of growth conditions as well as the thicknesses, it is 

found that using the NW template can improve the crystalline quality and relax the lattice strain of 

the AlN epilayer. Moreover, the improved AlN epilayer quality further improves Mg dopant 

incorporation into AlGaN epilayers grown on top. This study therefore clearly demonstrates the 

wafer-scale effect of the NW template on the epitaxy of AlN and high Al content AlGaN alloys 

on Si substrate and represents a critical step towards the integration of ultrawide bandgap III-

nitride devices to low-cost foreign substrates as well as low-cost AlN and high Al content AlGaN 

template technologies. 

All the epilayers were grown by plasma-assisted molecular beam epitaxy (MBE) on 3 in. Si 

(111) substrates. The Si substrates were first cleaned by acetone and methanol and then etched by 

hydrofluoric solution to remove the nature oxide layer. The growth started with a thin AlN layer 

(~2 nm) using an Al first approach.50 This was followed by the growth of a GaN NW layer with a 

Ga beam equivalent pressure (BEP) of 1.2×10-7 Torr, a nitrogen flow rate of 0.6 sccm, and a 

substrate temperature of 700 °C. Detailed discussions on the nanowire template can be found in 

our recent publications.44-46,48,51 The substrate temperature was calibrated using Si (111) 1×1 to 

7×7 surface reconstruction during the ramping up process of Si substrates.52-54 In the end, AlN was 

grown. Such a NW template based AlN epilayer is schematically shown in the inset of Figure 4-1. 

Different from the coalescence of GaN NWs to obtain GaN epilayers on top, the coalescence of 

AlN on GaN NWs requires proper control of NW density so that the stress to AlN due to the 

formation of a compact GaN epilayer can be minimized. In the past, we have developed such a 
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control process through monitoring the reflection high-energy electron diffraction (RHEED) 

patterns during the NW growth stage.44-46  

In this study, a wide range of growth conditions, including nitrogen (N) flow rate, Al BEP, 

and substrate temperature (TAlN), have been studied for such AlN epilayers. Overall, Al BEP was 

varied from 3.7×10-8 to 1.3×10-7 Torr, the N flow rate was either 0.3 or 1.5 sccm, and TAlN was 

varied from 750°C to 960°C. The detailed parameters for AlN growth will be described together 

with the results. Figure 4-1 shows representative conditions together with their RHEED patterns. 

The two curves are guide-for-eyes, denoting the boundary between droplet regime and the 

intermediate growth regime that is Al-rich but without droplet formation. N-limited growth rates, 

which correlate to the two N flow rates, are also shown by horizontal lines. Overall, 3 types of 

RHEED patterns were observed depending on the III/V ratio and TAlN. Pattern (i): Spotty RHEED 

pattern, correlating to the N-rich or weak metal-deficiency regime. Pattern (ii): Streaky RHEED 

pattern and strong 2×6 reconstruction, correlating to Al-rich regime but without droplet formation. 

Pattern (iii): Streaky RHEED pattern but weak 2×6 reconstruction, due to the increased Al adatom 

desorption or the intentionally reduced Al at the growth front. The samples used in the later 

characterizations exhibit RHEED patterns close to either (ii) or (iii).  
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Figure 4-1 Growth diagrams of AlN epilayers on the NW template. Inset: Schematic of the NW 

template based AlN epilayer. The corresponding RHEED patterns are also shown: (i) spotty 

RHEED, (ii) bright and clear 2×6 streaky pattern, and (iii) weak 2×6 streaky pattern. 

 

Detailed examination using scanning electron microscope (SEM) at different magnifications 

and different spots on the wafers further confirm that the wafers are highly smooth, crack-free, and 

droplet-free at a nearly wafer-scale over a wide range of TAlN. The smooth surface (with a rms 

roughness of around 0.4 nm) is also confirmed with atomic force microscope (AFM). These 

surface characteristics are similar to our previous reports.45,47,49 Nonetheless, for AlN epilayers 

grown directly on Si, the surface morphology is much worse; the droplet-free, smooth region is 

only ~ mm2. The detailed comparison on the surface morphology, as well as comments on the 

comparison can be found in Supporting Information (Section 4.1.2).  

The crystalline quality of the AlN epilayers on the NW template and AlN epilayers grown 

directly on Si is compared first by XRD rocking curve (RC). The XRD experiments were 

performed on Bruker D8 Discover high-resolution X-ray diffractometer using a Cu anode, a 1.2 
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mm divergence slit at the source side, a Ge symmetric four-bounce monochromator, and 

scintillator detector. Signal calibration was performed by maximizing θ-2θ peak position intensity 

of the Si (111) plane. Both 002 and 102 reflections were examined; and results of 102 reflection 

follow the trend of 002 reflection. As such, only 002 reflection RC curves are shown. Figure 4-2(a) 

shows the full-width-at-half-maximum (fwhm) with respect to the thickness of the AlN epilayer. 

In this case, TAlN was 870 °C. It is seen that in both sets of samples, with increasing the AlN 

epilayer thickness, the fwhm reduces, consistent with that thicker epilayers have better crystalline 

quality.55-58 Moreover, it is seen that the RC fwhm is reduced by ~800 arcsec for the AlN epilayers 

on the NW template, suggesting that the use of the NW template can reduce dislocations in the 

AlN epilayers.  

The effect of TAlN on the crystalline quality of the AlN epilayers grown on the NW template 

is also studied by the 002 reflection RC fwhm. In this case, the thickness of the AlN epilayers was 

in the range of 0.55 to 1.1 µm, and TAlN was varied from 750 to 960 °C. Shown in Figure 4-2(b), 

the fwhm decreases as TAlN increases, suggesting an improvement on the crystalline quality. This 

temperature-dependent crystalline quality improvement can be explained by the dislocation 

bending and annihilation as the growth temperature increases.59 Moreover, it is seen that fwhm 

around 1300 arcsec is obtained at a thickness of 0.55 µm, with the corresponding RC shown in the 

inset of Figure 4-2(b).  
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Figure 4-2 (a) fwhm of AlN 002 reflection RC as a function of the AlN layer thickness for AlN 

epilayers grown on the NW template (filled squares) and directly on Si (open circles). Solid curves 

are guide-for-eye. (b) Effect of TAlN on the fwhm of AlN 002 reflection RC for AlN epilayers on 

the NW template. Inset: 002 reflection RC of the 0.55 µm thick AlN. 

 

Hitherto, to improve the AlN epilayer quality on Si, epitaxial lateral overgrowth (ELO) on 

patterned Si is by far most successful, e.g., refs 23, 60, 61. Nonetheless, in order to obtain device-

quality AlGaN epilayers on such AlN buffer layers, several µm thick AlN epilayers are needed. 

With such thick AlN epilayers, the 002 reflection RC fwhm is in the range of around 500 to 1000 

arcsecs.22, 23, 60-64 In the present study, we approached to this range by using a very thin AlN buffer 

layer. Moreover, compared to ELO process which requires complicated substrate patterning 

process, growth control, and relatively long growth duration, our approach is fully epitaxial, easy-

to-control, and highly reproduceable at a wafer scale.  

Room-temperature (RT) photoluminescence (PL) properties of the AlN epilayers grown on 

the NW template are further studied. In this regard, 193 nm ArF excimer laser with a repetition 

rate of 50 Hz and pulse energy of 2 mJ was used as the excitation source. The emitted light was 

collected from the wafer edge using an optical fiber, which was further coupled to a UV 

spectrometer. Figure 4-3(a) shows the RT PL spectra for AlN epilayers with a similar thickness of 
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around 1 μm, grown with and without the NW template (TAlN = 750°C). Also shown in Figure 

4-3(a) is a RT PL spectrum from a commercial AlN-on-sapphire template. A striking feature is 

that, both AlN epilayers grown in this study is free of any defect emission in the whole UV spectral 

range. This is in contrast to the commercial AlN-on-sapphire template wherein a strong defect 

emission at 350 nm (~3.54 eV) is measured, due to deep defect levels related to Al vacancies.62, 65, 

66  

In addition, the three samples show different RT PL peak positions, with the commercial 

AlN template at 207.2 nm (~5.98 eV), AlN on the NW template at 209.2 nm (~5.93 eV), and AlN 

directly grown on Si at 212.1 nm (~5.85 eV). Given the same excitation densities for the three 

samples, the PL peak position difference thus could suggest different strain conditions in the AlN 

epilayers; that is, the commercial AlN template could be under a slight compressive strain, the AlN 

directly grown on Si could be under a tensile strain, whereas the AlN on the NW template could 

be relaxed.55, 67-70 Figure 4-3(b) further shows the RT PL peak position comparison for AlN 

epilayers grown with and without the NW template at different thicknesses. It is seen that, 

regardless of the thickness, the PL peak position is always drastically different comparing AlN 

epilayers grown with the NW template to those grown without the NW template, again suggesting 

different strain situations.  
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Figure 4-3 (a) Room-temperature PL spectra. (b) PL peak versus the layer thickness for the AlN 

epilayers grown on the NW template and directly on Si. (c) Room-temperature Raman spectra. 

Si/SiO2 related modes are denoted in “⋆”. GaN E2(high) mode is denoted with “o”. (d) AlN 

E2(high) mode position for AlN epilayers grown on the NW template and directly on Si versus the 

layer thickness. 

 

The strain in AlN epilayers is further assessed using RT Raman spectroscopy. The AlN 

E2(high) mode position in Raman spectroscopy has been widely used to evaluate the strain status 

of AlN, and the peak position around 657 cm-1 at RT typically represents bulk AlN and relaxed 

AlN epilayers and nanowires.68, 71-74 In this study, the Raman experiments were conducted by a 

WITec confocal Raman microscope with a 532 nm laser and a 50× objective lens, under a 𝑧(𝑥�̅�)�̅� 

scattering geometry. A comparison is made between the AlN epilayers with a similar thickness 
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grown on the NW template and directly on Si. Commercial AlN-on-sapphire template is also 

measured. The results are shown in Figure 4-3(c). It is seen that the AlN E2(high) mode of the 

commercial AlN template is at 660.9 cm-1, suggesting that the commercial AlN template is under 

a compressive strain. For the AlN epilayer grown on the NW template, the AlN E2(high) mode is 

at 658.5 cm-1, suggesting that the epilayer is nearly relaxed. Contrarily, the AlN E2(high) mode for 

the AlN epilayer grown directly on Si is at 653.1 cm-1, indicating that the epilayer is highly tensile 

strained. 

The AlN E2(high) mode position for AlN epilayers grown with and without the use of the 

NW template versus the epilayer thickness is shown in Figure 4-3(d). It is seen that, for the AlN 

epilayers grown on the NW template, the E2(high) mode is red-shifted as the layer thickness 

reduces, but is still within the range of relaxed AlN (by 1 cm-1). In contrast, the AlN epilayers 

directly grown on Si is always under tensile strain, regardless of the epilayer thickness.  

The improved quality of the AlN epilayer further transfers to the dopant incorporation 

improvement in the AlGaN epilayers grown on top. This is tested by multiple 30 nm thick Mg-

doped Al0.7Ga0.3N epilayers with various Mg concentrations grown on the AlN epilayers (250 nm 

thick) with the NW template (referred to as “AlN-on-NW template”) and without the NW template 

(referred to as “direct AlN”). These Mg-doped Al0.7Ga0.3N epilayers were grown in metal-rich 

conditions, with an Al BEP of 3.5×10-8 Torr, a N flow rate of 0.3 sccm, and a substrate temperature 

of 725°C. The Mg concentration was measured by Secondary ion mass spectroscopy (SIMS) at 

EAG Labs and was in the range of 7×1017 cm-3 to 2×1018 cm-3.  
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Figure 4-4 (a) Room-temperature PL spectra of various Al0.7Ga0.3N epilayers. (b) Room-

temperature PL spectra of Al0.7Ga0.3N:Mg epilayers on AlN-on-NW template with different Mg 

doping concentrations. 

 

Figure 4-4(a) shows the RT PL spectra of such Al0.7Ga0.3N:Mg epilayers with Mg doping 

concentration of 1×1018 cm-3. In the RT PL experiments, a solid-state Nd:YAG laser (λ = 213 nm) 

with a pulse width of 7 ns was used to excite the samples through the top surface, and the emitted 

light was collected from the top surface as well by an optical fiber. The RT PL spectrum of an un-

doped or unintentionally doped (UID) AlGaN layer on AlN-on-NW template is also shown. It is 

seen that, for the UID sample, a near band-edge PL peak at 240 nm is measured. Using Vegard’s 

law and a bowing parameter of 1 eV,75 the corresponding Al content is estimated to be 0.7. For the 

Mg-doped sample on AlN-on-NW template, the main PL peak is at around 261 nm, with a side 

peak at 292 nm. These peaks are attributed to transitions from the conduction band minimum to 

neutral Mg acceptors (CBM-Mg) and deep donor to Mg acceptor pair (DAP), respectively.76 

However, for the Mg-doped sample on direct AlN, with a similar growth condition compared to 

that on the AlN-on-NW template, only DAP transition is measured, suggesting a poor Mg dopant 

incorporation and p-type conduction.76 



 67 

Using AlN-on-NW template, the Mg dopant incorporation into AlGaN epilayers can be 

further controlled. Figure 4-4(b) shows the RT PL spectra of Al0.7Ga0.3N:Mg epilayers with various 

Mg doping concentrations. It is seen that, for the sample with a Mg doping concentration of 7×1017 

cm-3, the near band-edge transition dominates the PL spectrum, with negligible CBM-Mg and DAP 

transitions. By further increasing the Mg concentration to 1×1018 cm-3, the PL emission is 

dominated by the CBM-Mg transition, suggesting an increased Mg dopant incorporation. For an 

even higher Mg concentration (2×1018 cm-3), the PL emission related to DAP becomes more 

pronounced; nonetheless, the overall PL emission characteristics are still dominated by the CBM-

Mg transition.  

It is also noted that, for the Mg doped samples, the defect PL emission at ~360 nm is 

measured. This is due to the use of TAlN of 870 °C for all these Mg-doped AlGaN epilayers. Such 

a defect PL emission peak is found to be suppressed with the use of low TAlN (e.g., 750°C, as 

shown in Figure 4-3(a)). This could be explained by that, due to the presence of excess Al at the 

growth front at low TAlN, the formation of Al vacancies can be suppressed. This has been proposed 

in the previous studies.77 

The improved Mg dopant incorporation in the AlGaN epilayers further helps to improve the 

electrical performance of AlGaN p-i-n diodes. In this regard, p-Al0.7Ga0.3N/i-Al0.4Ga0.6N/n-

Al0.7Ga0.3N double heterojunction (DH) p-i-n diodes grown on AlN-on-NW template and direct 

AlN, as schematically shown in Figure 4-5(a), are compared. All the AlGaN layers were grown in 

metal-rich conditions, with Al contents controlled by varying Al BEP in the range of 2.8-3.5×10-8 

Torr. The N flow rate was 0.3 sccm. Si was used as the n-type dopant. The detailed growth 

conditions for such AlGaN DHs can be found elsewhere.45 The only difference for the two 

structures is with and without the use of AlN-on-NW template. The metallization of such AlGaN 
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p-i-n diodes was realized by Ni (7 nm)/Au (7 nm) as the top p-contact and colloidal Ag conductive 

adhesive on the backside of n-Si substrate as the n-contact. Figure 4-5(b) shows the I-V 

characteristics for the two structures under a continuous-wave biasing by a Keithley 2400 source 

meter. It is seen that nearly no rectification is measured for the structure on direct AlN, due to the 

very high reverse bias leakage current. With AlN-on-NW template, on the other hand, the reverse 

bias leakage is reduced by a factor of ~104. This dramatic improvement on the electrical 

performance also improves the light output power, which was collected by an optical fiber from 

the device top surface. As shown in Figure 4-5(c), no light can be measured at low injection 

currents (<6 mA) from the structure on direct AlN due to the leakage current, and the light intensity 

is increased by a factor of ~250 with the use of AlN-on-NW template at a forward current of 20 

mA.  

 

Figure 4-5 (a) Schematics of p-Al0.7Ga0.3N/i-Al0.4Ga0.6N/n-Al0.7Ga0.3N double heterojunction 

(DH) p-i-n diodes on AlN-on-NW template (left) and direct AlN (right). (b) and (c) Corresponding 

I-V characteristics and light output power comparison. 



 69 

 

The drastic improvement on the Mg dopant incorporation as well as the diode electrical 

performance can be explained by the followings. First, as the AlN epilayers grown on the NW 

template is nearly relaxed as suggested by Raman and PL studies, the continuous growth of thin 

AlGaN epilayers on top will render a possible compressive strain in the AlGaN epilayers, which 

favor Mg dopant incorporation.27,32 Second, as the use of the NW template can improve the 

crystalline quality of the AlN epilayers (as suggested by XRD experiments), the Mg incorporation 

into the AlGaN grown on top of such AlN epilayers can be improved, due to the suppression of 

Mg diffusion along threading dislocations. Lastly, also due to the improvement of the crystalline 

quality, the formation of donor-type Mg-threading screw dislocations (TSD) complex can be 

effectively reduced in the AlGaN:Mg epilayers, which significantly reduces the leakage current 

and improves the rectification ratio of the p-i-n diode.29-31 

In conclusion, we have investigated the role of the NW template on the epitaxy of AlN 

epilayers on Si at a wafer scale over a wide range of growth conditions. It is found that the use of 

the NW template can reduce the tensile strain as well as improve the crystalline quality of the AlN 

epilayer grown on top, as suggested by XRD, PL, and Raman experiments. The improved AlN 

epilayer quality further transfers into the improved Mg doping in the AlGaN epilayers grown on 

top of such AlN buffer layers. This further improves the electrical performance of the AlGaN p-i-

n diodes, with a 104 reduction on the reverse bias leakage current. The light output is also improved 

by a factor of ~250. It is further worth emphasizing that, as nanowires can be formed virtually on 

any substrates, this study therefore suggests that it is possible to integrate ultrawide bandgap III-

nitride epilayers to other substrates using this approach, and greatly relaxes substrate requirement. 

Moreover, the easy removal of Si substrate further offers the opportunity to develop free-standing 
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ultrawide bandgap III-nitride templates. As such, this study potentially benefits the development 

of a wide range of electronic and photonic devices. It should also be noted that, although the 

approach of using nanowire template to obtain epilayers has been proposed in the past, all studies 

prior to this work have only focused on the microscopic properties. However, for practical device 

development, understanding the wafer-scale effect is critical – this missing study limits the 

practical application of the nanowire template assisted epilayer technology. The present work has 

filled the gap and provided this missing and critical study, and thus could widen the practical 

applications of nanowires. 

 

4.1.2 Supporting Information 

In this study, we found obtaining smooth, crack-free, droplet-free, and thick AlN epilayer at 

a large area is much easier using the NW template, compared to without using the NW template. 

This could be attributed to the modification of growth kinetics with the use of the NW template. 

 Figure 4-6 shows the SEM images of an AlN on NW template sample grown with TAlN of 

870 °C, Al BEP of 5×10-8 Torr, and a N flow rate of 0.3 sccm. It is seen that a smooth, droplet-

free surface can be obtained. Different spots on the wafer were also examined, providing a similar 

surface. The droplets were only present on the very edge of the wafer, limited by the substrate 

heater.  
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Figure 4-6 SEM images of AlN grown on the NW template. (a), (b), and inset of (b) correlate to 

different magnifications. The scale bar for the inset of (b) is 500 nm. 

 

Using similar growth parameters, directly growing AlN on Si led to a large variation of 

surface. As shown in Figure 4-7, over roughly 10 mm variation in the radial direction, the surface 

changes from a rough surface to a smooth surface but with droplets. Note that Figure 4-7(c) shows 

a rough AlN surface with droplets. And the droplet region is far away from the wafer edge.  

Although it might be possible to obtain smooth, crack-free, droplet-free, and thick AlN 

epilayers directly on Si with further optimizing growth parameters, such AlN epilayers negate the 

purpose of the comparison. The purpose of the comparison (including the surface as shown above 

and other comparisons shown in the main manuscript) is to show the role of the nanowire template; 

as such, it is more reasonable to use similar growth parameters.  
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Figure 4-7 SEM images of AlN grown directly on Si on different regions of the wafer. From (a) 

to (d) it correlates to a slight reduction of the substrate temperature, which led to a smoother surface 

but with the presence of droplets. 

 

Now, for the comparison between AlN on NW template and other buffer layer technologies 

on Si, this has been described in the main manuscript; and the NW template method yields AlN 

epilayers with quality approaching to that of the ELO AlN, but at a much lower dollar- and time-

cost; and the growth of AlN using the NW template can be further optimized.  

Lastly, it is worth emphasizing that, even today, it has remained challenging to grow smooth, 

crack-free, droplet-free, and thick AlN on Si. To the best of our knowledge, so far, only ELO and 

our NW template methods are able to grow such AlN epilayers. 
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CHAPTER 5.  

Vertical AlGaN Deep Ultraviolet LEDs on Si Substrates with Various Emission 

Wavelengths 

With the initial demonstrations of vertical AlGaN deep UV LEDs on Si using AlN-on-NW 

buffer layers in Chapter 3, as well as elucidating the role of the nanowire template on improving 

the quality and electrical doping of the epilayers atop in Chapter 4, in this chapter‡, vertical AlGaN 

deep UV LEDs widely emitting in the deep UV range are demonstrated. The growths and 

characterizations of AlGaN epilayers with different Al contents on AlN-on-NW buffer layers are 

also analyzed in detail.  
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Abstract 

Silicon (Si) has been an appealing substrate for vertical aluminum gallium nitride (AlGaN) 

deep ultraviolet (UV) light-emitting diodes (LEDs), toward which, the first step is to demonstrate 

AlGaN deep UV LEDs on Si. Nonetheless, the epitaxy of AlGaN epilayers on Si remains a 

challenge. Herein, we demonstrate the molecular beam epitaxy of AlGaN epilayers on Si using a 

nanowire-based template over a wide Al content range from 35% – 70%. Smooth AlGaN surface 

down to a rms roughness of 0.4 nm is obtained using this approach. Vertical AlGaN deep UV 

LEDs emitting down to 247 nm are also demonstrated.  

 

5.1.1 Introduction 

AlGaN deep UV LEDs are important photonic light sources that cover a wide range of 

applications, including disinfection, sensing, material identification, and so on.1-5 Furthermore, due 

to the advantages of vertical current injection scheme, such as uniform current in the device active 

region, easy to scale up, and reduced device fabrication complexity, it is appealing to develop 

vertical AlGaN deep UV LEDs. Among various substrate choices for vertical AlGaN deep UV 

LEDs, Si substrate is attractive, not only because the advantages of Si as a substrate such as low 

cost, readily availability of large substrate sizes, but more importantly, its easy removal compared 

to other commonly used substrates such as sapphire.5-7  

The first step to obtain vertical AlGaN deep UV LEDs using Si substrate is to demonstrate 

AlGaN deep UV LEDs in situ on Si, in order to examine various layers in the device structure. 

Nonetheless, obtaining AlGaN deep UV LEDs on Si is a challenging task. This is mainly due to 

the large lattice and thermal mismatches between AlGaN alloys and Si (e.g., 19% lattice mismatch 
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between Si (111) and AlN).8, 9 The tensile stress from Si often leads to AlGaN epilayers with poor 

material quality such as cracks and large dislocation densities.  

The main approaches, hitherto, used to improve the quality of AlGaN epilayers on Si include 

using epitaxial lateral overgrowth (ELO)-AlN buffer layers, AlGaN/AlN superlattices, and graded 

AlGaN buffer layers.9-17 Even with these efforts, there are only limited reports of AlGaN deep UV 

LEDs on Si.8, 18-22 Furthermore, the shortest device operation wavelength reported so far has been 

limited to 257 nm.21 Moreover, the thick and insulating buffer layers used in these approaches 

prevent devices through vertical current injection, regardless of the device operation wavelength.8, 

18-22 In addition, thick and complex buffer layers, as well as substrate patterning, used in these 

approaches increase growth complexity and time and dollar costs. 

An alternative path for AlGaN deep UV LEDs on Si explored so far is using nanowire 

structures.23-27 However, the fabrication of AlGaN nanowire deep UV LEDs remains challenging. 

Recently, we have reported a special approach of growing AlGaN epilayers on Si using a 

nanowire-assisted AlN buffer layer by molecular beam epitaxy (MBE), which enabled a new 

AlGaN deep UV LED architecture on Si.28-32 In this work, we continue to provide detailed studies 

on the MBE growth and characterization of AlGaN epilayers formed on such AlN buffer layers, 

and further demonstrate AlGaN epilayers with a wide range of Al contents and vertical AlGaN 

deep UV LEDs emitting down to 247 nm, shortest wavelength so far for AlGaN deep UV LEDs 

made with AlGaN epilayers on Si, regardless of the current injection scheme. 

 

5.1.2 Experimental 

All the AlGaN epilayers in this study were grown on a nanowire-assisted AlN buffer layer 

by radio-frequency plasma-assisted MBE. A thin pre-nanowire AlN layer was used prior to the 



 86 

growth of the nanowire template, to relax any residual tensile stress in the nanowire template from 

the Si substrate. The schematic is shown in Figure 5-1(a). The growth condition of the thin pre-

nanowire AlN layer followed an Al-first approach, as described elsewhere.33 The GaN nanowire 

layer was grown in N-rich condition,33 whereas both the AlN buffer layer and AlGaN epilayer 

were grown in metal-rich conditions. The growth condition of AlGaN epilayers included an Al 

flux of 2.5×10-8 to 3.7×10-8 Torr, a Ga flux of 1.2×10-7 to 1.4×10-7 Torr, and a nitrogen flow rate 

of 0.3 standard cubic center meter (sccm). The substrate temperature was varied from 720 °C to 

740 °C. The temperature was calibrated using the Si substrate reflection high-energy electron 

diffraction (RHEED) 7×7 reconstruction. 

 

 

Figure 5-1 (a) Schematic of the AlGaN epilayer grown on the nanowire-assisted AlN buffer layer 

on Si. (b) RHEED pattern captured during the growth of the AlGaN epilayer. (c) An optical image 

of the AlGaN epilayer surface. (d) An SEM image of the as-grown wafer, with the inset 

highlighting the cross-section. (e) An AFM image of the AlGaN epilayer surface. 
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5.1.3 Results and Discussion 

The metal-rich conditions in this study are confirmed by the RHEED intensity change when 

the metal shutter open/close test was performed. Figure 5-1(b) shows the typical RHEED pattern 

during the growth of AlGaN epilayers. Streaky RHEED pattern was observed throughout the 

growth, suggesting a relatively smooth surface. This smooth surface has also been confirmed by 

the optical image (Figure 5-1(c)) and the scanning electron microscope (SEM) image taken at a 

tilting angle of 45° (Figure 5-1(d)). The SEM image contrast at the cross-section (inset of Figure 

5-1(d)) manifests the GaN nanowire layer, AlN buffer layer, and AlGaN epilayer. Atomic force 

microscopy (AFM) was further carried out to examine the surface of the as-grown AlGaN epilayer. 

Figure 5-1(e) shows a typical AFM image. A root-mean-square (rms) roughness of as low as 0.4 

nm was obtained in this study. The as-grown surface was further etched by potassium hydroxide 

(KOH, 11.2 mol L-1 at 70 °C). Hexagonal-shaped pits, rather than hillocks, were observed in the 

etched surface, confirming that the AlGaN epilayers are metal-polar.  

Optical properties of the AlGaN epilayers were further investigated by photoluminescence 

(PL) experiments. In this regard, the samples were excited by a 213 nm pulsed laser. The emitted 

light was collected from the sample top surface through an optical fiber, which was further coupled 

to a deep UV spectrometer. Figure 5-2(a) shows the room-temperature PL spectra. It is seen that 

PL emission from 242 nm to 300 nm is measured. The Al content is further estimated using the 

room-temperature PL peak wavelength 𝜆 , with the equation 𝐸𝑃𝐿(𝑥) = ℎ𝑐/𝜆 ≈ 𝐸𝑔(𝐴𝑙𝐺𝑎𝑁) =

(1 − 𝑥)𝐸𝑔(𝐺𝑎𝑁) + 𝑥𝐸𝑔(𝐴𝑙𝑁) − 𝑏𝑥(1 − 𝑥), where 𝑥 is the Al content, h is the Planck’s constant, 

c is the speed of light, Eg is the bandgap energy, and b is the bowing parameter. Bandgap energies 

Eg of 3.4 eV and 6.2 eV (for GaN and AlN, respectively) and bowing parameter b of 1 eV34 were 

used in the estimation. Shown in Figure 5-2(b) is the PL peak wavelength vs. the Al content for 
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various samples. It is seen that Al contents in the range of ~35% to 70% are obtained. It is further 

noted that, only a single PL emission peak is present, suggesting a relatively uniform 

compositional distribution in the present AlGaN epilayers.  

 

 

Figure 5-2 (a) Room temperature PL spectra of AlGaN epilayers with various Al contents grown 

on Si substrate. (b) PL peak wavelength vs. the Al content. 

 

Our estimation of the room-temperature internal quantum efficiency (IQE) using the ABC 

model35 further indicated that, for such AlGaN epilayers, IQEs of around 30 – 40 % can be 

obtained at low excitation conditions. These IQE values are improved compared to the bulk AlGaN 

epilayers grown on sapphire, e.g., Refs. 36, 37, and suggest that such AlGaN epilayers are suitable 

for making LEDs devices. It is noted, though, the improved IQE does not necessarily reflect a 

significant reduction on threading dislocation densities.  

We further demonstrate vertical deep UV LEDs using such AlGaN epilayers. Figure 5-3(a) 

shows the device schematic, which consists of the special AlN buffer layer and AlGaN p-i-n 

double-heterojunctions (DHs). The thicknesses for the active region and cladding layers were 15 

and 30 nm, respectively. Al contents were adjusted in the DH LED structures in order to obtain 

different emission wavelengths. Roughly the Al content difference in the active region and 
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cladding layer was around 15%. The Mg doping concentrations in p-AlGaN cladding layers were 

in the range of 1-5×1018 cm-3, estimated from the secondary-ion mass spectroscopy (SIMS), 

performed at EAG Labs. In the present study, the Mg doping neither degrades the surface quality 

of the epilayer nor incurs polarity inversion due to the moderate doping level.  

In the device fabrication process, the limitation of the current spreading length in the vertical 

injection scheme was used to define and isolate devices with different sizes. The current spreading 

length LS was estimated by 𝐿𝑠 = √(𝑡𝑛𝑘𝑇/𝑒𝜌𝐽0), where t is the thickness of the current spreading 

layer (in this work, it is the thickness of the p-AlGaN layer), n is the ideality factor, ρ is the 

resistivity of the p-AlGaN layer, and J0 is the forward current density. Additionally, k, T, and e 

stand for the Boltzmann constant, temperature, and unit charge, respectively. A wide range of 

ideality factors of group-III nitride LEDs from previous reports were considered.38-40 The 

resistivity of the p-AlGaN layer (with an Al content of around 70%) was taken from the best 

reported so far (assuming that our p-layer is inferior to the state-of-the-art number).41 Figure 5-3(b) 

shows the calculated current spreading length as a function of the forward current density. It is 

seen that, the maximum current spreading length is less than 30 μm. As such, if the separation of 

the p-contact is on the order of several hundred μm, the limited current spreading in the vertical 

injection scheme can naturally isolate different devices. Metal bilayer Ni (7 nm)/Au (7 nm) was 

used as the p-contact, which was deposited by e-beam evaporator, following standard 

photolithography and patterning processes. Figure 5-3(c) shows a photo of the fabricated wafer. 

The squares denote p-contact, with a separation of around 300 μm.  

Electrical performance of such LED devices was further tested. In this regard, the current-

voltage (I-V) characteristics of the fabricated devices with different sizes were measured by 

Keithley 2400 source meter under a continuous-wave (CW) biasing. For the Mg doping range in 
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the p-AlGaN layers in this study, we did not observe a significant change of the device electrical 

performance. Figure 5-3(d) and the inset of Figure 5-3(d) show the typical I-V characteristics of a 

device with a size of 1 mm × 1 mm in the linear and semi-logarithmic scale, respectively. The 

forward currents at 9 V and 12 V were around 2 mA and 10 mA, respectively. Further improvement 

on the electrical performance is expected by optimizing the electrical doping, as well as removing 

the Si substrate and the AlN buffer layer. Nearly uniform current injection is also found in the 

present devices. Figure 5-3(e) shows the forward current at a forward voltage of 12 V for devices 

with different sizes. It is seen that the increase of the current is proportional to the device size 

increase, indicating a uniform current injection.  

  

 

Figure 5-3 (a) Device schematic of AlGaN DH LEDs. (b) The current spreading length vs. the 

forward current density with various ideality factors (n). (c) A photo of fabricated wafer. The 

squares denote p-contact. (d) I-V characteristics of an AlGaN DH LED. The inset shows the I-V 

characteristics in a semi-logarithmic scale. (e) Forward currents at a forward voltage of 12 V for 

devices with different sizes. The error bars indicate the current variation for devices with the same 

size. 
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The light emission of such LED devices was studied in the end. In this regard, the 

electroluminescence (EL) spectra of the devices were collected from the device top surface with 

an optical fiber, which was further coupled to a deep UV spectrometer. Figure 5-4 shows the room 

temperature EL spectra. It is seen that devices emitting from 247 nm to 298 nm are obtained. The 

presence of the p-AlGaN related EL emission peak for devices emitting at 247 nm could be 

originated from the deep levels in high-Al content AlGaN alloys.42-44 

 

 

Figure 5-4 Room temperature EL spectra measured from AlGaN DH LEDs at different emission 

wavelengths. 

 

For the present vertical AlGaN deep UV LEDs, the light output power has remained low, on 

the order of several hundred nano-watt. Besides the lack of complicated device designs such as 

multiple quantum wells (QWs) and electron blocking layers (EBLs), another reason is the light 

blocking by p-contact. This issue can be solved by using conventional dry etching to isolate devices 

and optimizing p-contact design.45, 46 Moreover, the light output power can also be improved by 

using graphene electrode.47 Separately, by removing Si substrate and the AlN buffer layer and 

transferring device structures to reflectors can also improve the light output power.  
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5.1.4 Conclusions 

We have reported the MBE growth and characterization of AlGaN epilayers on nanowire-

assisted AlN buffer layers on Si substrates. AlGaN epilayers with Al contents varying from ~35% 

to 70% have been obtained. Both SEM and AFM experiments indicate that such AlGaN epilayers 

have a smooth surface, with a rms roughness of around 0.4 nm. Vertical AlGaN deep UV LEDs 

down to 247 nm are further demonstrated. Today, despite of the advantages of vertical LEDs, 

AlGaN deep UV LEDs are mainly through lateral current injection. This work represents the first 

step toward high-efficiency, low-cost vertical AlGaN deep UV LEDs over a wide deep UV range. 
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CHAPTER 6.  

Polarization-Enhanced Vertical Deep Ultraviolet LEDs with Compositionally-

Graded AlGaN Epilayers 

As mentioned in Section 1.2, AlGaN alloy possesses unique electric polarization properties, 

which can further induce free charge carriers through linear grading of Al composition along the 

growth direction. Such a polarization doping technique provides an alternative approach to the 

realization of p-type conductivity in AlGaN alloys, compared to using Mg [65, 210, 211]. By 

utilizing such doping technique, AlGaN deep UV LEDs with polarization-induced p-AlGaN 

epilayers have been demonstrated in the past [65-67].  

In this chapter § , the growths and characterizations of compositionally-graded AlGaN 

epilayers on AlN-on-NW buffer layers are investigated. It has been established in previous 

chapters that AlGaN epilayers grown on AlN-on-NW buffer layers possess metal polarity. As such, 

reducing Al composition along the growth direction would lead to generations of free holes in the 

compositionally-graded AlGaN epilayers. Further utilizing such p-AlGaN epilayers, vertical 

AlGaN UV LEDs emitting at 278 nm are demonstrated. Such devices possess enhanced electrical 

performance with reduced device series resistance, compared to devices with p-AlGaN epilayers 

without compositional grading.   

 

  

 
§ Section 0 is from a manuscript that has been accepted for publication: Q. Zhang, H. Parimoo, E. Martel, X. Yin, and 

S. Zhao, "Vertical AlGaN Deep Ultraviolet Light Emitting Diodes with Polarization Enhanced p-AlGaN Epilayer on 

Si Substrate," ECS J. Solid State Sci. Technol., vol. 11, no. 6, p. 066003, 2022, doi: 10.1149/2162-8777/ac7663. 
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Abstract 

Despite of the technological importance of developing AlGaN deep UV LEDs on Si, there 

are only a few reports about AlGaN deep UV LEDs on Si based on AlGaN epilayers. Herein, we 

show vertical AlGaN deep UV LEDs on Si with polarization enhanced p-AlGaN epilayer. The 

devices emit at 278 nm, with uniform current injection. Compared to devices using standard p-

AlGaN epilayer, the series resistance of devices with polarization enhanced p-AlGaN epilayer is 

reduced by a factor of 5. This work represents the first report of AlGaN deep UV LEDs on Si with 

polarization enhanced p-AlGaN epilayers. 

 

6.1.1 Introduction 

Developing III-nitride optoelectronics on silicon (Si) has been the efforts of the 

semiconductor community in the past decades.1-10 However, hitherto, there are only countable 

reports of aluminum gallium nitride (AlGaN) deep ultraviolet (UV) light-emitting diodes (LEDs) 

on Si based on AlGaN epilayers.4, 7, 11-13 This is in a sharp contrast to the development of AlGaN 

epilayer-based deep UV LEDs on other foreign substrates, such as sapphire and AlN-on-sapphire 
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template. Today, the majority demonstrations of AlGaN deep UV LEDs on Si rely on the format 

of AlGaN nanowires.14-22  

Multiple reasons account for this situation. Besides the well-known large lattice and thermal 

match issues between high Al content AlGaN alloys and Si, another primary cause is the poor p-

type doping with magnesium (Mg). Despite that poor p-type doping in general is a challenge 

regardless of the choice of substrates – basically a fundamental limitation due to the large Mg 

activation energy,23-27 this issue could be more severe for AlGaN thin films grown on Si.  

Recent studies have shown that the presence of dislocations in thin films affect Mg dopant 

incorporation, as well as the device electrical behavior. The diffusion of Mg along dislocations,28, 

29 followed by the formation of Mg-Ga-O disordered layer on the surface of p-GaN, has been 

identified as an important factor that limits the free hole concentration in p-GaN.29 Furthermore, 

Mg condensation at threading dislocations has been found, which leads to the formation of donor-

type complex and leakage current in GaN p-n diodes.30 Given the larger lattice mismatches 

between high Al content AlGaN alloys and Si, compared to other foreign substrates such as 

sapphire, such dislocation related effects could be more detrimental for the development of p-

AlGaN thin films on Si. As such, lower free hole concentrations are often reported for AlGaN thin 

films on Si compared to those on sapphire and AlN-on-sapphire substrates.7, 12, 31-35  

In addition, it is noted that, simply by adding more Mg dopants will create heavy doping 

effects, such as inversion domains, e.g., Ref. 36, even more asymmetric charge carrier transport 

due to the reduction of hole mobility.27 The latter has been known as one of the major causes for 

the efficiency droop in AlGaN deep UV LEDs.37, 38 The latter also limits the carrier injection 

efficiency into the active region, making the development of laser diodes difficult. It is also noted 

that high doping concentration is a potential source of internal optical loss for a laser cavity.39  
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With all the above considerations, it is strategically important to investigate alternative p-

doping approach for high Al content p-type AlGaN thin films on Si. In fact, polarization doping 

has attracted interest in recent years, owing to the strong electric polarization fields in wurtzite 

structured III-nitrides.18, 20, 21, 40-45 In a linear graded AlGaN with changing Al/Ga ratio, net 

polarization charges can be created, and three-dimensional electron or hole gases will be induced 

to due to the requirement of charge neutrality. As such, instead of relying on thermal activation of 

impurity dopants, free charge carriers can be generated by the polarization effect in the graded 

layer. Utilizing such polarization-induced p-AlGaN epilayers has led to the recent breakthrough in 

edge emitting AlGaN UV lasers in the deep UV range on bulk AlN substrate.39  

In this work, we investigate AlGaN deep UV LEDs on Si with polarized enhanced p-type 

AlGaN epilayers through grading the Al content along the growth direction. Such LEDs are formed 

on a nanowire-assisted AlN buffer layer, following our recent development.46, 47 The nanowire-

assisted AlN buffer layer has led to the realization of vertically-injected LEDs emitting at 298 

nm.48 AlGaN deep UV LEDs in the present study are also vertically injected. It is found that, with 

the use of polarization enhanced p-AlGaN epilayers, the electrical performance is drastically 

improved compared to devices with standard p-AlGaN epilayers. The electrical performance is 

also improved compared to the previously reported laterally injected AlGaN UV LEDs on Si.7  

 

6.1.2 Experimental Details 

The molecular beam epitaxy (MBE) growth of the Al content graded AlGaN epilayers on 

the nanowire-assisted AlN buffer layer are studied first. In this regard, radio-frequency plasma-

assisted MBE with a background pressure of 1×10-10 Torr was used for the growth. 3-inch highly 

conductive n-Si (111) were used as the substrates. Standard solvent cleaning was performed prior 
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to loading wafers to the MBE chamber. The growth condition for the nanowire-assisted AlN buffer 

layer has been described elsewhere.48 For the AlGaN epilayers, metal-rich conditions were used. 

The nitrogen flow rate was 0.3 standard cubic center meter (sccm). The substrate temperature was 

around 725 °C. The Al flux was varied from around 4×10-8 Torr to 2.5×10-8 Torr, whereas the Ga 

flux was adjusted accordingly, to ensure the metal-rich growth condition. The nitrogen flow rate 

limited growth rate was around 100 nm/hr. Reflection high-energy electron diffraction (RHEED) 

was used to monitor the growth in situ. 

 

6.1.3 Results and Discussion 

Shown in Figure 6-1a is the RHEED pattern during the growth of the graded AlGaN epilayer 

using the afore-mentioned growth condition. Streaky RHEED pattern is seen, suggesting a 2-

dimensional (2D) growth mode and a smooth surface. The metal-rich condition was confirmed by 

the presence of RHEED intensity change when the metal shutter open/close test was performed. 

Figure 6-1b shows the scanning electron microscopy (SEM) image of the as-grown wafer, taken 

at a tiling angle of 45°, by an FEI Quanta FEG 450 system. A smooth surface can also be seen.  

 

 

Figure 6-1 (a) RHEED pattern taken during the growth of the graded AlGaN epilayer. (b) SEM 

image of the graded AlGaN epilayer sample. (c) AFM image showing the surface of the graded 

AlGaN epilayer. 
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The surface of the as-grown wafer was further examined by Nanosurf C3000 atomic force 

microscopy (AFM) under dynamic non-contact mode. A typical scan is shown in Figure 6-1c, 

revealing a smooth surface. However, AFM image scans do show pits on the surface. A pit can be 

seen in Figure 6-1c (marked by arrow). In this study, a rms roughness of as low as 0.5 nm can be 

obtained from the graded AlGaN epilayer. This rms roughness is comparable to the typical values 

for AlGaN epilayers grown on sapphire and AlN-on-sapphire template.49  

Photoluminescence (PL) experiments were further used to assess the Al contents in the 

AlGaN epilayers in this study. In this regard, the samples were excited by a 213 nm solid state 

laser, with a pulse width of 7 ns and a maximum pulse energy of 2 µJ. The emitted light was 

collected from the sample top surface by an optical fibre, which was further coupled to a deep UV 

spectrometer. It was further assumed that the PL peak position represented the bandgap energy 

and a bowing parameter of 1 eV was used in the Vegard’s law.50 For the graded AlGaN epilayer, 

the Al content variation estimated by the PL peak positions (not shown here) was from 70% to 

30% (along the growth direction). 

Using such graded AlGaN epilayers, we have further demonstrated vertical AlGaN deep UV 

LEDs on Si (Structure A in Figure 6-2a). Moreover, a reference device structure using non-graded 

AlGaN epilayer is also fabricated (Structure B in Figure 6-2a), to compare the device electrical 

performance. Both structures have the same nanowire-assisted AlN buffer layer and consist of 

AlGaN double-heterojunctions (DHs). Al contents in the n-AlGaN cladding and active region are 

70% and 40%, respectively. The thickness for both n-AlGaN and p-AlGaN cladding layers is 

around 30 nm, whereas the thickness of the AlGaN active region is around 15 nm. The only 

difference is the p-AlGaN cladding layer: In Structure A, it uses a graded Mg-doped AlGaN 

cladding layer based on the afore-demonstrated graded AlGaN epilayer; whereas in Structure B, it 
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uses a standard Mg-doped AlGaN cladding layer (i.e., no Al content grading, to be described 

below). Mg doping concentration was 6×1017 cm-3, estimated by secondary ion mass spectroscopy 

(SIMS, EAG labs). Moreover, two types of samples (B-1 and B-2, to be described) were fabricated 

using Structure B to fully assess the role of the electric polarization field on the device electrical 

performance.  

 

Figure 6-2 (a) Schematic of device structures used in this study. Structure B is a reference structure 

used for the device electrical performance comparison. (b) PL spectra measured from the graded 

AlGaN epilayer (top panel) and the standard AlGaN epilayer (bottom panel) used for the device 

structures. 

 

For the device electrical performance comparison purpose, it is necessary to use a standard 

AlGaN epilayer that has the average Al content of the graded AlGaN in the p-AlGaN cladding 

layer. As such, knowing average Al content of the graded AlGaN is necessary. This can be 

evaluated by the PL peak position. Shown in Figure 6-2b (top panel) is the PL spectrum of the 

graded AlGaN. PL emission peak around 280 nm can be seen. This corresponds to an average Al 

content of ~40%. Using this Al content as a reference, the standard AlGaN epilayer was grown. 

The PL spectrum of the standard AlGaN is shown in the bottom panel of Figure 2b. PL emission 

peak around 280 nm is seen, confirming a similar Al content. It is noted, though, due to the Al 
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content variation induced inhomogeneous broadening, the full-width-at-half-maximum (FWHM) 

of the graded AlGaN epilayer is slightly larger (19 nm) compared to that of the standard AlGaN 

epilayer (17 nm). Moreover, the graded AlGaN epilayer also shows an additional emission 

component around 265 nm (marked by arrow). 

Electrical injection was realized by conventional metal bilayer nickel/gold (Ni/Au) as the p-

contact and colloidal silver (Ag) adhesive as the n-contact on the backside of n-Si substrate. 

Compared to the conventional approach of device isolation with reactive ion etching, here we used 

the natural limitation of the current spreading in vertical injection scheme. Our estimations showed 

that in the best scenario the current spreading length was on the order of tens of micrometer. As 

such, by placing p-metal contact several hundred micrometer apart, devices can be isolated 

naturally.48 The device size was determined by the p-metal size. 

Figure 6-3a shows the I-V characteristics of a device with the graded p-AlGaN cladding 

layer under a continuous-wave (CW) biasing. At a forward voltage of 12 V, the forward current is 

15 mA. In contrast, for a device with the standard p-AlGaN cladding layer (B1), the forward 

current is only about 5 mA (also shown in Figure 3a). Both devices show similar leakage current 

(inset of Figure 6-3a). The series resistance (Rs), estimated by the inverse of the slope shown in 

Figure 6-3a, for devices with the graded p-AlGaN cladding layer and the standard p-AlGaN 

cladding layer are around 146 Ω and 787 Ω, respectively. Rs is reduced roughly by a factor of 5 

comparing the two types of devices. This could indicate that, by exploiting the Al content grading 

induced electric polarization field in the graded p-AlGaN cladding layer, the device electrical 

performance is enhanced.  
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Figure 6-3 (a) I-V characteristics of the device with the graded p-AlGaN cladding layer (or 

distributed polarization doping, DPD) and the device with the standard p-AlGaN cladding layer. 

Device size: 1 mm × 1 mm. Dash lines are guide-for-eye. (b) Schematic of the polarization 

enhanced p-doping through Al content grading. (c) Forward currents at a voltage of 12 V for 

devices with the graded p-AlGaN cladding layer with different sizes. The error bars reflect the 

current variations for devices with the same size. 

 

However, one should also note that in the graded p-AlGaN cladding layer, the last region 

was with low Al content. The improved electric performance thus could also be explained by the 

improved p-contact resistance due to the use of low Al content. To rule out this possibility, we 

further examined the device with standard Mg-doped p-AlGaN cladding layer but with an Al 

content of 30% (B-2). For such a device, all the rest employed the same growth conditions as 

structure B-1. It was found that the I-V characteristics of B-2 were inferior compared to the devices 

with graded p-AlGaN cladding layers (not shown). This therefore confirms that the improved I-V 

characteristics are due to the Al content grading induced electrical polarization field in the graded 

p-AlGaN cladding layer.  

For the present graded AlGaN epilayer, our potassium hydroxide (KOH) etching 

experiments have confirmed a metal-polarity. As such, reducing Al content along the growth 

direction leads to negative bound polarization charges ⍴b, i.e., ⍴b = −𝛻·P < 0 (where P is the electric 

polarization vector and is in the opposite direction of the growth direction), inducing free holes or 
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improved ionization of impurity acceptors, which can subsequently enhance the p-type 

conductivity. This is schematically shown in Figure 3b.  

Theoretically, such an electric polarization field induced hole concentration can be estimated 

via  ~5×1013 × (∆𝑥/∆d) cm-3, where ∆𝑥 and ∆𝑑 (in cm) are the grading composition and thickness 

differences, respectively.42, 44 It is noted that this estimation should be based on the strained p-

AlGaN epilayer with composition grading within 30% and up to ~40%, due to the diminishment 

of piezoelectric polarization from relaxation.42, 44, 51 By taking ∆𝑥 = 0.4 and ∆𝑑 = 30×10-7 cm of 

the graded AlGaN epilayer in the present study, the hole concentration upper limit is estimated to 

be around 6×1018 cm-3.  

As the present devices are through vertical injection, uniform current injection into the 

device active region is expected. This is indeed the case. Shown in Figure 6-3c is the forward 

currents at a forward voltage of 12 V for devices with the graded p-AlGaN cladding layer with 

different sizes. It is seen that the current increase is proportional to the device size increase, 

confirming a uniform current injection.  

Electroluminescence (EL) characteristics are described in the end. In this regard, the EL 

emission was collected by an optical fiber from the device top surface. The devices were under 

continuous-wave (CW) biasing. EL emission spectra for a device with the graded p-AlGaN 

cladding layer under different injection currents are shown in Figure 6-4a. It is seen that a single 

emission peak at around 278 nm is measured, without a clear red or blueshift, suggesting the 

absence of heating effect and the quantum confined Stark effect. The relative light output power 

as a function of current density is shown in Figure 6-4b, a typical LED behavior is seen, i.e., the 

intensity increases linearly as the injection current increases. Figure 6-4c shows the relative 

external quantum efficiency (EQE), which was calculated by the integrated EL intensity divided 
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by the injection current, as a function of the current density. The rising trend persists up to around 

25 A/cm2, and no efficiency droop is seen.    

 

 

Figure 6-4 (a) EL spectra of a device with the graded p-AlGaN cladding layer under injection 

currents varying from 1 to 25 mA. (b) and (c) the light output power and relative EQE as a function 

of current density. 

 

6.1.4 Conclusion 

In summary, in this work we have first described the MBE growth of graded AlGaN 

epilayers on Si. A smooth surface is obtained, as suggested by RHEED, SEM, and AFM 

experiments. The rms roughness can be as low as 0.5 nm. The Al content grading also leads to a 

slightly broader PL emission and additional emission component, compared to non-graded AlGaN 

epilayers with a similar Al content. We have further demonstrated vertical AlGaN deep UV LEDs 

on Si using the graded p-AlGaN cladding layer. The device electrical performance is discussed 

first, in comparison with devices using standard p-AlGaN cladding layer. It is found that, with the 

use of graded p-AlGaN cladding layer, the device electrical performance is enhanced drastically, 

with the series resistance reduced by a factor of 5 compared to device with standard p-AlGaN. EL 
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emission at 278 nm is measured from the device top surface, and no efficiency droop is seen for 

current densities up to 25 A cm-2. Lastly, it is worth emphasizing that, today, despite of the 

advantages of vertical LEDs, AlGaN deep UV LEDs are mainly through lateral injection,52 and 

this work paves a way for the fabrication of high-performance vertical AlGaN deep UV LEDs 

using low-cost Si substrate.  
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CHAPTER 7.  

Towards Far-UVC Emitting LEDs on Si 

Depending on the wavelength, deep UV light can be further categorized into far-UVC (λ < 

240 nm) range and near-UVC (240 – 280 nm) range [21, 212]. While both far-UVC light and near-

UVC light are highly effective in inactivating viruses and pathogens, far-UVC light is considered 

safe to human skin because such radiation can be largely absorbed in the uppermost cornified skin 

layers consisting of dead skin cells [213, 214]. As a result, far-UVC light sources pose very little 

threat to human health and are more favored to be used in for skin-tolerant disinfection systems.  

Currently, commercial light sources emitting in the far-UVC range are still dominated by 

the conventional excimer-based (such as KrCl (222 nm) or KrBr (207 nm)) lamps, which are 

power-consuming and of high heat generation. Far-UVC emitting AlGaN deep UV LEDs using 

AlGaN quantum wells have been demonstrated, however, the EQE has remained below 1%, as 

discussed in Chapter 1. 

 As an alternative approach, using an active region consisting of multiple pairs of monolayer-

thick GaN well and AlN barrier layers (abbreviated as ML-GaN/AlN), far-UVC LEDs with 

emission wavelengths down to 232 nm have also been demonstrated recently [215, 216]. The ML-

GaN/AlN structure takes advantage of the extreme quantum confinement in the GaN quantum well 

from the large band offset of AlN barrier for emissions in the far-UVC range, as well as the band 

structure reconstruction that favors the light extraction from the device surface (more details are 

described in Section 7.2).  

In this chapter, with the goal of designing vertical LEDs emitting in the far-UVC range, both 

high Al content AlGaN epilayers and GaN/AlN stacks have been studied on the AlN-on-NW 



 114 

buffer layers. PL emissions down to 229 nm have been demonstrated by investigating on the 

growth conditions of high Al content AlGaN epilayers. Further using the GaN/AlN stacks, room 

temperature PL emissions from 300 nm down to 218 nm have been realized. Additionally, 

substantial improvements in light polarization properties have also been observed with the use of 

GaN/AlN stacks, which is beneficial to the design of highly-efficient far-UVC LEDs.  

 

7.1 High Al-Content AlGaN Epilayers on AlN-on-NW Buffer 

In Chapter 5, the growths and characterizations of AlGaN epilayers are discussed in detail. 

It was shown from the PL spectra that shortest wavelength achieved from our current study in the 

AlGaN epilayers was 242 nm. The push towards even higher Al-content AlGaN epilayers is 

essential for developing AlGaN far-UVC emitting LEDs. Further attempts have been made toward 

realizing higher Al-content AlGaN epilayers. As demonstrated in the normalized PL spectra in 

Figure 7-1, emission peaks at 232 and 229 nm have been measured. By applying Vegard’s law, 

including Eg(GaN) = 3.4 eV, Eg(AlN) = 6.2 eV, and a bowing parameter of 1 eV [217], the average 

Al contents for such AlGaN epilayers are calculated to be 76 mol% and 78 mol%, respectively.  
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Figure 7-1 Normalized room temperature PL spectra for high Al-content AlGaN epilayers excited 

by a 193 nm ArF excimer laser with emission peaks at 232 nm and 229 nm, respectively. 

 

To obtain these high Al content AlGaN epilayers, a very careful tuning of the III-N ratio 

during the MBE growth was performed. Owing to the larger bonding energy for Al-N bond than 

Ga-N bond, Al has a higher incorporation rate compared to Ga [218]. As such, in order for Ga 

adatoms to be incorporated during the growths of metal-rich AlGaN epilayers, Al adatoms need to 

be slightly deficient compared to N. On the other hand, for the growth of high Al-content AlGaN 

epilayers, the growth window between Al-deficient and Al-rich regime becomes extremely 

narrow. For example, corresponding to 0.3 sccm N flux, the Al flux used for the growth of 229 nm 

emitting AlGaN epilayers is 3.9×10-8 Torr; yet for the growth of Al-rich AlN epilayers at the same 

substrate temperature (745°C), the Al flux used is 4×10-8 Torr. As such, in order to further push 

the emission wavelength below 229 nm, Al flux requires rigorous adjustment to between Al-

deficient for Ga incorporation and Al-rich regime.  

Nonetheless, when the growth window becomes too narrow, the change in metal fluxes 

becomes too small to be adjusted by changing the cell temperatures. In this regard, introducing 

shutter interruption might be beneficial for adjusting the impinging fluxes by small increments and 
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has the potential to realize AlGaN epilayers with higher Al content (beyond 80 mol%). Different 

shutter modulation techniques, including MME (where metal fluxes are periodically interrupted 

and nitrogen flux remains constant) [219-221], anion-modulated epitaxy (where nitrogen flux is 

periodically interrupted and metal fluxes remain constant) [222], and migration enhanced epitaxy 

(where metal fluxes and nitrogen flux are being alternately supplied) [223, 224], have been 

explored in the past for the growths of GaN and AlN epilayers as well as AlxGa1-xN/AlyGa1-yN 

superlattice (x≠y). For example, using MME, AlGaN epilayers with up to 70 mol% Al content 

have been demonstrated [221]. Similarly, studies of obtaining high Al-content AlGaN epilayers 

using different MBE shutter modulation approaches are being conducted by our group. Early 

preliminary results, such as AlGaN epilayer with a room temperature PL peak position of 228 nm, 

corresponding to an average Al content of 79 mol%, have been realized using anion-modulated 

epitaxy. 

 

7.2 Investigations of GaN/AlN Stacks 

ML-GaN/AlN structure recently emerges as an attractive candidate for far-UVC LED 

designs [215, 216, 224-226]. In general, each pair of ML-GaN/AlN consists of AlN barrier layer 

with thickness of 2 – 5 nm, and GaN well layer with thickness of a few monolayers. Studies of 

ML-GaN/AlN stacks have been conducted in the past on sapphire substrates [216, 224, 225, 227], 

and PL emission wavelength as short as 219 nm has been demonstrated at cryogenic temperature 

(5K) [224]. Multiple benefits have been reported for the use of ML-GaN/AlN. For example, the 

use of ML-GaN/AlN structure drastically increases the electron-hole wave function overlap in the 

confined QW structure, which mitigates quantum confined stark effect (QCSE) and improves 

radiative recombination efficiency. Another benefit of using ML-GaN/AlN structure, as compared 
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to conventional high Al-content AlGaN epilayers, is the light polarization characteristics (TE) 

which is favored for light extraction from the surface of LED device on typical c-plane substrates. 

This can be explained by the difference in the valence band splitting between GaN (or low Al 

content AlGaN) and AlN (or high Al content AlGaN).  

Shown in Figure 7-2 are the band structures for GaN and AlN [228]. For GaN, the crystal-

field splitting energy (ΔCF, energy difference between heavy hole band/ light hole band and crystal 

field split-off hole band) is a positive value (+37 meV) at Γ point, meaning that heavy hole band, 

within which the states have atomic orbitals perpendicular to c-axis, is the topmost valence band. 

In this case, the photons generated by the transition from conduction band minimum to heavy hole 

band are TE-polarized, thus are favored for being extracted from the device surface. On the other 

hand, ΔCF becomes negative (-219 meV) in AlN, meaning that crystal field split-off hole band 

becomes the topmost valance band. The states within crystal field split-off hole band have atomic 

orbitals parallel to the c-axis. As such, the photons generated from conduction band minimum to 

crystal field split-off hole band transitions have TM polarization, which emit towards the edge of 

the device and remain in-plane coupled.  
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Figure 7-2 Schematics of band structure near the Γ point of (a) GaN and (b) AlN. A, B, C denote 

heavy-hole band, light-hole band, crystal field split-off band, respectively. (a-b) Reproduced with 

permission [228]. Copyright 2004, AIP Publishing. 

 

For AlGaN alloy, as Al content increases, the crystal field split-off hole band becomes closer 

to heavy hole band and eventually becomes the topmost valence band. This indicates the switching 

from dominant TE-polarized emission to dominant TM-polarized emission. The crossover points 

at which the crystal field split-off hole band aligns with heavy hole band have been observed at 

AlGaN with 25 mol% to up 60 mol% Al content (i.e., λ ~ 260-320 nm), as reported by different 

research teams [228-231]. As a result, for the majority of AlGaN LEDs, the emission pattern is 

TM-polarized and has a “rabbit ear” like shape, where the intensity is weak along device surface 

normal but stronger on the side. This severely limits the LEE and further EQE of the LED devices. 

To date, the unfavorable light polarization property in AlGaN remains to be one of the fundamental 

challenges that hinder the development of highly efficient AlGaN deep UV LEDs.  

 

7.2.1 Growth of GaN/AlN Stacks on AlN-on-NW Buffer Layer 

Motivated by these benefits, preliminary MBE growth of GaN/AlN stacks was investigated 

in this thesis study. Schematically shown in Figure 7-3(a), 20 pairs of GaN/AlN stacks, consisting 
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of AlN barrier layers with thickness around 4 nm and GaN well layers with various thicknesses 

depending on the growth time (tGaN), have been grown on the AlN-on-NW buffer layers. Figure 

7-3(b) further shows the HRXRD ω-2θ coupled scan on the GaN/AlN sample with tGaN of 11 

seconds. An AlN peak at 18.05° can be clearly observed. An additional peak at 17.37° is also 

observed besides the AlN peak, which is presumably attributed to GaN nanowires from the AlN-

on-NW buffer layer.  

 

 

Figure 7-3 (a) Schematic structure for GaN/AlN stacks (20 pairs) grown on AlN-on-NW template 

on Si substrate. (b) HRXRD ω-2θ coupled scan for the GaN/AlN stacks. (c) Normalized PL spectra 

at room temperature with different tGaN. 

 

By adjusting the growth duration of GaN layer, GaN/AlN stacks with different emission 

wavelengths have been obtained. As shown in Figure 7-3(c), PL emission peaks from 300 nm 

down to 218 nm have been measured at room temperature.  
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Figure 7-4 (a), (c) Polarization dependent PL spectra of GaN/AlN stacks with emission peaks at 

240 nm, 230 nm. (b), (d) Polarization dependent PL spectra of AlGaN epilayers with similar 

respective emission wavelengths. 

 

The use of GaN/AlN stacks are also seen to substantially improve the polarization 

characteristics (i.e., more TE over TM). Figure 7-4 shows the polarization measurements from 

GaN/AlN stacks, in comparison to bulk AlGaN epilayers. The ratio of the peak PL intensity of TE 

(E⊥c) emission component to the peak intensity of TM (E // c) emission component, i.e., TE/TM, 

are also indicated in the figure. In this experiment, a Glan-Taylor polarizer was inserted between 

the optical fiber and the emission edge of each sample. It is seen that for similar PL emission 

wavelengths, using GaN/AlN stacks leads to higher TE/TM ratios, as compared to using high Al 

content AlGaN epilayers. The improvement in light polarization property in the GaN/AlN stacks 

may well be suited for the design of far-UVC emitting LEDs with enhanced LEE and high EQE.  
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CHAPTER 8.  

Conclusion and Future Work 

8.1 Conclusion 

In summary, AlN epilayers with excellent surface morphology were demonstrated on Si 

substrates using a nanowire template. A rms roughness as low as 0.4 nm from AFM experiment 

was obtained on the AlN surface at a nearly wafer scale. Moreover, the AlN epilayers were found 

to be Al-polar. Further utilizing such AlN-on-NW as buffer layers, AlGaN epilayers with a wide 

range of Al contents were grown. The IQE of the AlGaN epilayers, estimated by power dependent 

PL measurements and ABC models, was found to be in the range of 30% – 40% under low 

excitation power, which is higher compared to AlGaN epilayers on commercial AlN-on-sapphire 

templates. Using such AlGaN epilayers, vertical AlGaN LEDs emitting widely in the deep UV 

range down to 247 nm were demonstrated, with improved electrical performance compared to the 

previously reported lateral injection AlGaN UV LEDs on Si.   

The role of nanowire template was also investigated by comparing the AlN epilayers grown 

with and without the nanowire layer, it was found that the use of the nanowire template drastically 

improved the crystalline quality of AlN epilayers by evaluating XRD rocking curves. The 

nanowire template was also found to be able to relax the tensile strain in AlN by PL and Raman 

studies. These improvements further translated to the improved Mg dopant incorporation and p-

type conductivity of the AlGaN epilayers, as well as the diode characteristics of AlGaN p-i-n 

heterostructures.  

In addition, the growths and characterizations of compositionally graded p-type AlGaN 

epilayers were investigated. Excellent surface morphology with a rms roughness as low as 0.5 nm 
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was measured on such graded AlGaN epilayers. Vertical LEDs emitting at 278 nm were further 

demonstrated using such p-type AlGaN epilayers, and enhanced electrical performance was 

measured, compared to LEDs using conventional Mg-doped p-AlGaN epilayers.  

In the end, the MBE growths and characterizations of both high Al content AlGaN epilayers 

and GaN/AlN stacks were investigated on the AlN-on-NW buffer layers, aiming for human-safe 

far-UVC emitting vertical LEDs. Room temperature PL emission wavelengths as low as 218 nm 

were measured from GaN/AlN stacks.  

This thesis presents a viable path for vertical semiconductor LEDs across the entire deep UV 

range as well as a high quality ultrawide bandgap III-nitride semiconductor platform for both 

photonic and electronic devices. 

 

8.2 Future Work 

8.2.1 Improving the Crystallinity of AlN Using Multi-Step Growth Technique 

In Chapter 4, a study on the growth temperature of AlN and its effect on the crystalline 

quality of the layer was conducted. It was found that as growth temperature increases from 750°C 

to 960°C, the FWHM of the AlN 002 XRD rocking curve reduces from 1960 arcsec down to 1300 

arcsec. This observation is consistent with previous studies, suggesting the use of high temperature 

(HT) growth effectively reduces the dislocation densities [74, 232-234], which is largely attributed 

to the increased surface mobility of Al adatoms at high growth temperature that favors dislocation 

bending. On the other hand, the use of low growth temperature approach is often reported during 

the initial nucleation stage of AlN epilayers on sapphire or Si substrates, owing to the fact that 3D 

island growth mode at lower temperature (LT) effectively relaxes the strain on AlN. As such, two-

step growth (LT/HT), or three-step growth (LT/MT/HT, MT: mid temperature) techniques for 
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obtaining high crystal quality AlN epilayer on both sapphire and Si substrate have been reported 

[233, 234].    

In this regard, similar growth techniques are currently being attempted on the growths of 

AlN epilayers on AlN-on-NW buffer layers. It is expected that lower FWHM will be measured 

from the AlN 002 RC scan, and AlN epilayers of higher crystal quality will be obtained.  

 

8.2.2 Polarity Inversion 

From Chapter 3, it was determined through KOH etching experiments that the polarity on the 

AlN epilayer surface was Al-polar. On the other hand, it was also suggested in the past that 

spontaneously formed GaN nanowires on Si substrate are of N-polarity, which was also confirmed 

in this thesis study. The switching from N polarity in the nanowire layer to metal polarity in the 

AlN epilayer hence suggested a polarity inversion. In the past, polarity inversion on the AlN 

epilayer was reported to be driven by growth kinetics and strongly dependent on the Al/N ratio, as 

well as the initial nucleation conditions [235-237]. Moreover, it was also suggested that the 

coalescence process could also lead to polarity inversion [238, 239]. Detailed TEM analysis is 

being conducted to examine the cause of the polarity inversion as well as to establish polarity 

control on such AlN epilayers.  

 

8.2.3 Optimization on the Performance of AlGaN LEDs 

 

Electrical Performance 

Although the I-V characteristics of vertical AlGaN LEDs reported in this thesis were 

substantially improved compared to the previously reported lateral injection AlGaN UV LEDs on 

Si, they were not comparable to lateral injection AlGaN UV LEDs on sapphire. This could be 
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attributed to the high series resistance in the AlN epilayer. As such, in order to enhance the 

electrical performance of the LED device, the AlN-on-NW buffer layer as well as Si substrate 

needs to be removed. Multiple fabrications steps will be involved. First, Si substrates can be 

removed using the wet etching process as discussed in Chapter 1. Next, GaN nanowires and AlN 

epilayers can be etched using KOH solution [240-242]. It is expected that, by removing of AlN-

on-NW buffer layer as well as Si substrate and transferring the LED structure onto conductive 

substrates or metal plates, electrical performance will be further improved.  

 

Optical Performance 

The vertical AlGaN deep UV LEDs in this thesis had low light output powers, e.g., for 

devices emitting around 298 nm, the maximum output power measured was 0.3 μW. This could 

be attributed to various factors such as poor carrier confinement, light blocking by top metal 

electrode, light absorption by Si, and so on. As such, adopting more complex LED structures, such 

as single or multiple quantum wells, as well as electron blocking layers could substantially improve 

the optical output power [243-246]. Furthermore, using transparent electrode such as graphene can 

lead to enhancement in LEE [247, 248]. In the past, monolayer graphene had been successfully 

transferred to AlGaN nanowire deep UV LEDs by our group, and a two-fold improvement in light 

output power was measured from the LED devices with graphene contact layer compared to 

conventional metal contact layer [249]. Last but not least, transferring the LED structure onto UV 

reflective metal plates can also improve the device optical performance.  
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