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Abstract 

AlGaN growth and processing for high-efficiency UV 

LED on SiC 

By: Abdullah Saad Almogbel 

AlGaN is among the ultra-wide band gap semiconductors that are projected 

to power a wide range of the next-generation electronic and photonic applications. 

It has been applied primarily for the development of germicidal UV LEDs that are 

important for virus disinfection and gained an extra importance in the era of 

COVID-19 pandemic, with proven efficacy against wide range of viruses - 

including SARS-CoV-2 - that rivals the most mature disinfection technologies. 

However, state-of-the-art deep UV LEDs are still lagging behind visible LEDs in 

terms of wall plug efficiency, lifetime and cost. 

Our approach to tackle this issue relies on silicon carbide as a growth 

substrate in contrast to sapphire. First, the advantages gained by employing SiC 

as a substrate will be highlighted. Second, growth of Al-rich AlGaN on SiC by 

metalorganic chemical vapor deposition (MOCVD) will be the main focus of this 

dissertation, with emphasis on the AlGaN growth kinetics, doping and active 

region, Detailing simple, yet robust, solutions for AlGaN cracking, doping 

inefficiency and multiquantum wells (MQW) growth—solutions that enabled the 

heteroepitaxial growth of up to 5 µm-thick crack-free AlGaN films on SiC 
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(among the highest reported), and the growth of highly conductive Al-rich n-

AlGaN films up to 83% Al molar fraction with conductivities that match and 

exceed the best reported in the literature, as well as the growth of MQW with 

tunable and monochromatic emission in the UV range of maximal disinfection 

efficacy (250 nm to 280 nm). 

In Al-rich AlGaN, the increased ionic character of Al-N bond leads to 

dissimilar kinetical behavior between Al and Ga adatoms, as well as precipitates 

several key challenging issues such as greater deviation from ideal unit cell 

structure, anisotropic light emission and inefficient doping. This work tackles 

these limits and explores growth and processing techniques to address these 

challenges, specifically; optimization of n-doped AlGaN will be illustrated with 

focus on the effect of the different growth parameters on the conductivity and 

ohmic contact formation. Studies on the impact of MOCVD growth conditions on 

the UV LEDs performance will be presented, emphasizing how the growth 

outcome can be influenced by other  external parameters; starting from chamber 

geometry and conditioning to substrate polishing, preparation and pretreatment. 

Then, the device performance of UVC LED will be summarized along with new 

solutions to further improve the overall performance. 

 

Committee Co-Chairs: 

Prof. James S. Speck 

Prof. Steven P. DenBaars  
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Synopsis of the thesis 

The central focus of this thesis is on developing optimal growth and 

processing solutions for AlGaN epitaxial material by understanding the 

underlying fundamental basis of the issues that hinder the development of high-

power, high-efficiency and durable UVC LEDs. 

Chapter 1 sums up the introductory part of the dissertation and is dedicated 

for reviewing the state-of-art achievements in the field as well as outlining the 

pivotal limits that impede the progress in UVC LEDs, effectively driving up the 

cost of development and precluding the wide-use of UVC LEDs until now. Chapter 

2 illustrate the epitaxial technique used to grow AlGaN material, namely, the 

metalorganic chemical vapor deposition (MOCVD), along with the basics of AlGaN 

heteroepitaxy by MOCVD and the interdependence of growth parameters––a 

prerequisite understanding step for every MOCVD grower. It also discusses the 

characterization tools and techniques routinely used to assess the quality of the 

growth material, and our approach to calculate the compositions of the AlGaN 

alloy which is based on the analysis of reciprocal space mapping (RSM). Moreover, 

it explains why SiC substrates was chosen instead of sapphire which is the most 

commonly-used substrate for nitride growth. Chapter 3 summarizes multitude of 

optimization experiments on AlGaN heteroepitaxy and doping, first, it shows our 

approach toward the persistent AlGaN cracking issue and how to mitigate it using 

a novel in-situ pretreatment growth technique that repeatedly demonstrated up 

to 5 µm-thick crack-free AlGaN on SiC, which is among the highest reported in 
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the literature so far. Then, it shows how to minimize the electrical resistivity in 

n-type Al-rich AlGaN epilayers, and explain the growth method we used to 

demonstrate highly-conductive AlGaN:Si up to 83% Al-content AlGaN with 

resistivities that match and exceed the best reported in the literature. Then, we 

discuss how the n-AlGaN conductivity can be limited by the formation of deep 

level (DX) centers which we speculate is the dominant compensation mechanism 

in our materials. Chapter 4 presents the design process of the active region and 

outlines the growth experiments designed to optimize the active region, with 

particular emphasis on the heterointerface engineering and its impact on the 

active region emission. Chapter 4 also highlights some of the major design criteria 

of AlGaN active region design with focus on the role of AlGaN spacers. Finally, in 

Chapter 5, the standard thinfilm flipchip (TFFC) process used to fabricate the 

UVC LEDs is briefly outlined, with suggested modifications to improve the 

reliability of TFFC. A eutectic Ti-assisted indium-gold bonding scheme was 

designed to replace the Au-Au bonding, which is an advantageous replacement 

because it requires much lower eutectic bonding temperature than Au-Au 

bonding, and therefore, significantly reduces the risk of thermal damage to the 

UV LED. It also summarizes the UVC LED performance along with innovative 

techniques to further improve the device performance, particularly, the 

transparent tunnel junction (TJ) that can potentially eliminate the need for p-

GaN layer and therefore break a profound limiting design constraint by 
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decoupling the hole supply from the absorptive p-GaN layer––a classical trade-off 

problem in UVC LED structure design. 
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Chapter 1: Introduction to 

AlGaN-based UVC LED 

1.1 Orientation 

During the writing of this dissertation in mid-2020, an ongoing global 

pandemic was heavily striking all corners of the world, mounting disruptive 

changes across the globe, rampaging its way through communities’ livelihoods 

and imposing incalculable damage on people daily lives. The outbreak of the 

contagious SARS-CoV-2 (a.k.a COVID-19) had caught the ill-prepared world and 

triggered unthinkable and extraordinary turmoil to the lives of billions of people 

around the world. The virus outbreak manifest its impact upon all different 

aspects of life and the results were astounding; most recognizable by forcing 
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whole countries to shut their borders and undergo full lockdown; grounding fleets 

of commercial airplanes; closing multiple schools and universities and canceling 

countless number of events and conferences; shutting restaurants, factories, 

theaters and stadiums and instantly sending millions of workers into 

unemployment line; terminating handshaking and imposing extreme social 

distancing; freezing the global supply chains and precipitating a widespread 

shortage of staple food and household essentials, and compounding the economic 

losses by slowing the trade and slashing millions of jobs worldwide, ultimately 

threatening the global economy into recession; and finally, toppling the global oil 

and financial markets and causing a precipitous meltdown of assets and 

commodities prices. 

Unfortunately, my research was among those who were hard hit by this 

pandemic, UCSB was severely rattled by the crisis and underwent - once in a 

lifetime - full and indefinite shutdown. So, experimental researchers like me had 

no access to the labs, especially the MOCVD lab, the cleanroom facility or CNSI 

labs. However, what strike me most during this crisis having worked on a project 

that is closely related to the disinfection of viruses, is that the entire world 

miserably lacks a cheap, reusable, mobile and handheld virus disinfectant that 

can be used in surface disinfection. Major cities around the world were pouring 

millions of gallons of chemical disinfectants (most commonly used outdoor 

disinfectant is sodium hypochlorite) into the streets to disinfect the 

neighborhoods, railway stations, bus stops and public markets. Although world 
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health organization has recommended using chlorine-based bleach, ether 

solvents, 75% ethanol, peracetic acid and chloroform as effective chemical 

disinfectants against SARS-CoV-2, however, clearly none of these disinfectants 

are reusable, also they cannot penetrate the grease and grime commonly found 

on the outdoor surfaces, and some of them may be irritating if inhaled or touched 

like the bleach. And depending on their efficacy, they may require frequent 

reapplications to disinfect the surfaces. This citywide disinfection process would 

have been accomplished much more efficiently - and at a much lower cost - if high 

efficiency ultraviolet light emitting diode (UV LED) had been used instead of the 

chemical disinfectants. Indeed, Seoul semiconductors has demonstrated 99.9% 

sterilization of COVID 19 virus in 30 sec by UV-C LED. The lack of reusable 

surface disinfectant caused huge demand for the single-use disinfecting wipes, 

hand sanitizers and N95 masks, which saw their prices jumped - fivefold in some 

cases - due to the global shortage and export ban. Refillable hand sanitizers are 

not as effective as the single-use hand sanitizers because they will eventually get 

contaminated during the refilling and effectively become a reservoir of 

contaminants rather than a disinfection agent.1 This short narrative described 

here constitutes the compelling case for why a cheap, efficient reusable 

disinfectant is urgently and globally needed. 

Soon after the COVID-19 outbreak, several countries have pledged 

hundreds of millions of dollars for developing vaccine and cure for the virus, and 

according to the Washington-based Coalition for epidemic preparedness 
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innovations (CEPI), the ultimate vaccine development cost will surpass $2 billion. 

While this is obviously a welcome response, this money would be more wisely 

spent if at least fraction of it has been allocated toward the development of cheap, 

efficient, reusable and reliable virus disinfection solution such as UVC LEDs 

(a.k.a Deep UV LEDs). Here at this point is where this project comes to play. Deep 

UV LEDs with wavelength 𝜆 < 280 nm have potent viricidal and germicidal effect 

and would be instrumental in such outbreaks. Indeed, Seoul Viosys, a subsidiary 

of Seoul Semiconductors one of the major LED makers globally, reported fivefold 

increase in the UV-C LEDs inquiries in March 2020 soon after the outbreak 

became a global issue. During the COVID-19 crisis, robots equipped with UV 

mercury and pulsed xenon lamps have been deployed to disinfect the hospital 

rooms where COVID-19 patients have been treated as well as field hospitals with 

disinfection efficacy > 99%. The aim of this project is to replace the inefficient and 

potentially hazardous mercury and xenon lamps with cheap, reliable and high-

performance UV-C LEDs. 

UVC LEDs are projected in the near future to penetrate into several key 

industrial and medical applications such as water purification and surface 

sterilization as well as gas sensing and secure communications. So far, the 

aluminum gallium nitride (AlGaN) alloys are the only materials that can be 

employed to develop UV LEDs. AlGaN has tunable wavelength emission that 

spans the UV range from 210 nm to 360 nm and has been used to develop 

commercial UV LEDs. Recently, deep UV laser has been also demonstrated using 
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AlGaN. However, commercial deep UV LEDs still lag far behind visible LEDs in 

terms of output power, lifetime and cost. Some of the UV LEDs inefficiencies can 

be attributed directly to the AlGaN intrinsic properties, such as the anisotropic 

TM/TE light emission and the poor hole ionization efficiency, both of which is a 

major inefficiency factor. Therefore, novel techniques are essential to overcome 

these fundamental challenges. Due to the lack of native substrate, our approach 

to develop high efficiency UV LED in the range (250 nm < 𝜆 < 280 nm) relies on 

growing AlGaN on silicon carbide (SiC) substrates using MOCVD. In this thesis, 

AlGaN intrinsic properties that influence the UV LED efficiency will be reviewed 

as well as the advantage of our approach to grow on SiC instead of sapphire.  

The main focus will be on the growth, characterization and doping of Al-

rich AlGaN as well as active region design, explaining the approaches that were 

used for optimizing the structural and electrical qualities of AlGaN alloy, which 

is the only alloy than can be tuned to cover the whole deep ultraviolet range. The 

UV project in general focuses on optimizing the material quality and device 

engineering to improve the efficiency and lifetime of the UV light emitting diode. 

1.2 Ultraviolet Germicidal effect 

Deep UV light in the wavelength range of 250-280 nm possess germicidal 

effect and is used to deactivate infectious microorganisms by damaging the DNA 

and RNA bonds as shown in Figure 1.1. UV light inactivate the DNA and RNA 
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by sustaining structural defects. Bacteria and Fungi have DNA, Viruses may 

have DNA or RNA. When microorganisms are exposed to UV-C light, the light is 

absorbed by the DNA, RNA and protein and a photoreaction process takes place. 

The photoreaction eventually leads to either cell wall rupture or damages the 

virus’ ability to replicate. The first pathway is by DNA and RNA absorption that 

acts primarily by crosslinking the adjacent nucleic acids and create thymine 

dimers that preclude reproduction. The second pathway is by protein absorption 

leading to what is known as disulfide bridge breakage. Photodamage of the viral 

proteins prevents the virus from entering a host cell or arrests the release of its 

DNA into the host cell nucleus. However, this UV germicidal effect (UVGI) is both 

wavelength-dependent as well as energy-dependent. There is no report of UV-

resistant pathogens which is notable advantage for UV sterilization in the era of 

drug-resistant microorganisms. 

The energy required to deactivate certain microorganism is determined by 

the emission wavelength and the microorganism type. Each microorganism needs 

certain UV dose to achieve certain log reduction of the microorganism population. 

The log reduction is the standard method to quantify the efficacy of the UV 

irradiance treatment. The UV dose is related to the UV LED output power by a 

time and geometrical factors, such as: 

𝑼𝑽 𝒅𝒐𝒔𝒆 (
𝒎𝑱

𝒄𝒎𝟐
) = 𝑼𝑽 𝒊𝒏𝒕𝒆𝒏𝒔𝒊𝒕𝒚 (

𝒎𝑾

𝒄𝒎𝟐
) ×  𝒆𝒙𝒑𝒐𝒔𝒖𝒓𝒆 𝒕𝒊𝒎𝒆 (𝒔𝒆𝒄) 

(1) 
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Figure 1.1: DNA and RNA Nucleotides UV absorptivity spectra (Nucleotides spectra 

are reconstructed from UVGI handbook by Kowalski) ref 2. 

 

The UV dosage (or more specifically the radiant energy density) is the 

radiant energy arriving at a surface per unit area and is measured in mW.sec/cm2 

or mJ/cm2. The UV intensity, also commonly referred to as irradiance, is 

measured in mW/cm2 and is determined by the UV LED emission power, 

radiation pattern and the distance between the LED and disinfection surface. The 

UV exposure time is determined by the desired log reduction of the 

microorganism, and by the microorganism type. For example, 10 mJ/cm2 of UV 
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emission at a wavelength of 280 nm is needed to disinfect E.coli bacteria with a 

Log10 reduction of 4.5 (or ~ 99.995% reduction).3 To put it simply, a UV LED with 

1 mW/cm2 intensity will take 10 seconds to achieve 99.995% disinfection of E.coli 

bacteria, another UV LED with 10 mW/cm2 will need only 1 seconds to yield the 

same result. A good rule of thumb is that that a UV dose of 40 mJ/cm2 at 265 nm 

is sufficiently lethal to almost all pathogenic bacteria and viruses (according to 

NSF/ANSI 55: Class A standard). A recent study estimated that 500 mJ/cm2 of 

UV dosage treatment will result in 99.9999% inactivation of SARS-CoV-2.4 

Roughly speaking, 500 mJ/cm2 is equivalent to a UV LED emitting 500 mW at a 

distance of 1 cm from the decontamination surface for 1 seconds. 

On the other hand, some more challenging microorganisms can require up 

to 100 mJ/cm2 of 280 nm UV dose to achieve 99.999% reduction, such as B.Subtilis 

spores bacteria or Influenza A virus. The UV intensity 𝐼 drops significantly as the 

distance 𝑟 between the UV LED and the disinfection surface increases, such that 

𝐼 ~ 
1

𝑟2 . The UV intensity may drop even more sharply when used in a UV-

absorbing medium such as water which require more UV emission power than 

other air disinfection applications. Therefore, in a UV LED-based disinfection 

system, disinfection surface is normally kept at a fixed distance from the UV LED 

emitting window to achieve a constant nominal UV intensity, so that the UV dose 

is then simply controlled by changing the exposure time. 

UV disinfection and UV sterilization are two terms that are often used 

interchangeably, however, it is worth noting that they differ in the technical use. 
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Disinfection refers to the process of removing the harmful microorganisms. 

Sterilization refers to a more sophisticated decontamination process in which all 

microorganisms are eliminated, some applications require extreme sterilization 

rather than simple disinfection such as surgery rooms, laboratory, industrial 

environments and hospitals. 

1.3 Introduction to AlGaN 

III-N alloys such as AlGaN and InGaN have hexagonal wurtzite crystal 

structure, where (Al-, Ga-, In-) atoms share the group-III sites, while N-atoms 

occupy group-V sites. AlGaN alloy is a solution for UV LEDs, as AlGaN is able to 

span wide range of UV wavelength spectrum from 210 nm to 360 nm, by tuning 

the Al composition of the alloy. Moreover, AlGaN bonds have ionic character due 

to the relatively large difference in electronegativity between nitrogen atoms and 

aluminum, and to less extent, gallium atoms. So, AlGaN is physically strong and 

corrosion resistive, it is also chemically inert and nontoxic. These properties 

enhance the usability and reliability of the AlGaN- devices. In our experiments, 

we are growing AlGaN with high Al content around 46% targeting a peak 

wavelength of 280 nm. Al and Ga adatoms compete for group III sites, but they 

are dissimilar thermodynamically (i.e. vapor partial pressure and bonds strength) 

and kinetically (sticking coefficient and diffusivity), which narrows the optimal 

growth window that accommodate both adatoms. AlGaN thin films that are 
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heteroepitaxially-grown by MOCVD suffer from high density of dislocations that 

degrade the films quality. Dislocations density for AlGaN over SiC is around 

109/cm2 on average, these dislocations may act as compensating centers as well 

as carrier leakage paths. Any attempt to grow efficient UV LED device has to 

minimize the dislocation density to at least ~ 108 / cm2. 

AlGaN material properties depends strongly on the Al content. For 

instance, AlGaN is electrically conductive at low Al fraction regime, but becomes 

increasingly resistive as the Al fraction increases. Moreover, the dominant 

emission mode at low Al content is the TE mode - where most of the light is 

emitted vertically parallel to the c -direction, yet, as the Al fraction increases, 

AlGaN emission switches from TE mode to TM mode where most of the generated 

light is emitted perpendicular to the c -direction.  

In terms of morphological quality and growth efficiency, it is easier to grow 

pure high quality AlN or GaN than to grow high quality AlGaN. The physical and 

chemical dissimilarity between Ga and Al adatoms imposes an upper limit on the 

maximum growth rate that can used to grow smooth high-quality AlGaN thin 

films, which leads to a relatively low AlGaN growth efficiency. 

There are several semiconductors materials that have energy band-gap in 

the ultraviolet range. For example, Zinc oxide (ZnO) semiconductor has a 

bandgap energy of 4 eV and has the potential to make UV LED, but like many 

oxide semiconductors, still lacks shallow acceptors. Diamond has 5.5 - 6 eV band 

gap but it is indirect material which is undesirable for photonics. Monoclinic 
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gallium III Oxide (β-Ga2O3) is interesting semiconductor material that has 

bandgap of 4.9 eV corresponds to 253 nm in the deep UV, it can be grown nearly 

dislocation-free crystal from melt using Czochralski method or it can be grown by 

MBE or MOCVD. It has high electron mobility > 150 cm2/(V.s) and can be used 

as transparent conductive oxide layer (TCO). However, β -Ga2O3 UV LED 

technology has not been investigated, mainly because β-Ga2O3 bandgap may be 

indirect, and that the valance band has no dispersion (very heavy holes, which 

form strong polarons) and therefore – like ZnO – lacks a shallow acceptor. The 

only commercially available UV LEDs is AlGaN-based. The AlGaN has a direct 

bandgap that can be engineered from 3.4 eV to 6 eV to span the whole UV range 

as shown in Figure 1.2a, AlGaN UV LEDs range from 210 - 360 nm wavelengths 

were demonstrated. Commercial AlGaN UV LEDs (from 260 to 360 nm) are easily 

available from several manufactures around the globe, Nikkiso, UV Craftory and 

SETi to name some. However, these LEDs suffer from low external quantum 

efficiency (EQE<15%) and relatively short lifetime (≈ 10.000 hour) (see Figure 

1.2b). In contrast, state-of-the-art GaN-based Blue LEDs have EQE > 80% and 

lifetime around 50000 hours. This shows that further improvements of UV LED 

are needed, yet this task is not trivial. UV LED industry progress is hindered by 

different practical and technological limits and innovative solutions are needed 

to overcome these limits. 
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a b 

Figure 1.2: (a) The bandgaps of several semiconductor systems as a function of the 

lattice constant. (b) progress timeline of the various material systems used in solid-

state lighting. (figures credit: C. Weisbuch, Comptes Rendus Physique ref 5). 

 

A basic rule of thumb in LED structure design is that no layer should have 

a bandgap energy less than the active region bandgap, otherwise, significant light 

absorption will occur. However, in UV LED literature this rule of thumb is often 

ignored due to the lack of practical conductive p-type AlGaN in Al composition > 

40%. The urgent need for a hole-injecting layer forced several research groups to 

employ UV-absorbent p-type GaN in their structures as a source of free holes. 

Tunnel junction was recently considered as a potential alternative for the 

classical p-type GaN, but did not show a superior performance over p-GaN. This 

highlights the need of UV-transparent and efficient hole-injecting layer. In 

addition to UV LED, AlGaN has been proposed as solution for ferroelectrics, 

magnets and superconductor applications.6 
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1.4 UVC Sources 

The main source for ultraviolet radiation on earth is the sun which radiates 

energy across the UV spectrum. UV wavelengths is technically categorized into 3 

sub bands; UVA, UVB and UVC bands, these bands are not formally defined in 

terms of wavelength range and yet to be universally adopted, but they are 

convenient for technical description. UVA band ranges from 320 nm to 400 nm, 

UVB band ranges from 280 nm to 320 nm and UVC band covers wavelengths 

from 200 nm to 280 nm. Ultraviolet wavelengths below 200 nm are rapidly 

absorbed in air and hence categorized as vacuum ultraviolet.  

 

Table 1-1: UV range sub bands. 

Band Wavelengths range (nm) 

UVA 320 – 400 

UVB 280 – 320 

UVC 200 – 280 

Vacuum UV 10 – 200 

 

Diatomic oxygen and Ozone present in earth's stratospheric layer absorb 

all UVC rays and most of the UVB light, but are transparent to UVA rays, which 

accounts for nearly all of the UV light that reaches the earth’s surface. UV 
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radiation help reproduction of ozone in atmosphere layer by dissociation of 

diatomic oxygen in the atmosphere.  

Human skin is very absorptive to UV light. UVB range in particular has 

many specific effects on organic molecules in mammals and plants. It is known to 

help Vitamin D formation in humans, but excessive exposure can be harmful and 

cause DNA damage, genetic mutagenesis, tumor development and may lead to 

skin cancer. For example, solar UV radiation around 315 nm is strongly absorbed 

by skin, thus it is the main cause of skin DNA damage and sunburn in humans. 

Artificial deep UV light is mainly produced by two techniques: mercury 

lamp and UV LEDs. Mercury lamp light has the advantage of producing high 

power continuous UV radiation, but it emits at a single predefined wavelength of 

254 nm, and requires long pre-operation time for heating. Thus, it cannot be 

customized to emit instantly at the required wavelength. In contrast, UV LEDs 

can be adjusted to instantly emit UV at the targeted wavelength. UV LED holds 

a lot of advantages over UV lamp; LEDs are compact in size; instantly operating; 

chemical-free and amenable to smart technologies and programmable switching. 

UV LED has much higher output power density per area, but is still inferior to 

mercury lamp in terms of total output power. Substantial improvement in UV 

LED output power is still needed in order to substitute mercury lamps in 

disinfection and sterilization applications. 

A Comparison between UV LED and UV mercury lamp is shown in Table 

1-2. UV LED holds a lot of advantages over UV lamp but is still uneconomical. 
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The price of UV LED needs to drop by at least one order of magnitude to fully 

phase out UV lamps and dominate the UV market. Obviously, the cost reduction 

can only be realized by improving the efficiency and lifetime of the device. The 

current cost of UVC LED is about $1/mW, which is still expensive compared to 

LP mercury lamp. Industry groups considers a device cost of $0.1/mW pivotal for 

the UV LED to be competitive.7 

Table 1-2: Comparison between UV LED and UV lamps 

Device Power Price 

LP UV lamp 4 W– 25 W $30 - $100 

HP Mercury lamp 15 W $100- $1000 

UVC LED 0.1 W >$160 

 

1.5 State-of-the art UVC LEDs 

Developing a high efficiency, durable and reliable UV-C LED is not a trivial 

task. While there are few UV makers that have achieved UVC LED with wall 

plug efficiency (WPE) that exceed 5%, several other makers quit the race (most 

notably LG Innotek in late 2019) or merged with other groups. The limited 

efficiency and lifetime of UVC LEDs have so far greatly limited its market and 

applications. The current market size of UV-C LED is estimated around $350 

million in 2018 and is forecasted to reach about $900 million in 2024, according 
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to UV LED market survey published in October 2019 by the market research firm 

ReportLinker. The realization of this forecast undoubtedly depends on improving 

the lifetime and efficiency of the UV-C LED. 

One of the visible trends of the UV LED market is the merging and 

acquisition between the different UV-C makers. For instance, Sensor Electronic 

Technology, inc (SETi) was acquired by Seoul Semiconductor as well as the 

acquisition of Crystal IS by Asahi Kasei, in addition to the sale of the UV LED 

unit of Tokuyama Corp to Stanley electric. Which seems to indicate that the UV-

C market is becoming a consolidated market rather than fragmented. 

Currently, the major UV-C makers are Seoul viosys, Nikkiso, Nichia and 

Asahi Kasei. Their commercially available state-of-the-art UV-C LEDs are 

summarized in Table 1-3. The table is not a comprehensive list of all commercially 

available UV-C LEDs, only LEDs rated to operate at high forward current > 150 

mA per single chip is listed, UV-C modules and low current UV-C LEDs are 

excluded for clarity. 
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Table 1-3: Excerpt of commercially-available state-of-the-art UV LEDs, the 

dimensions listed are for the chip size (not the device mesa size). 

Name Voltage Output power Thermal 
resistance 

Price WPE 

(Wopt/W) 

Crystal IS 275 nm 

3.5x3.5mm2 

7 V at 500 mA 70 mW at 500 mA 7 ºC/W  2% 

SeTi 275 nm 

6.35x6.35mm2 

6 V at 200 mA 19 mW at 200 mA 24.2 ºC/W $14.5 1.6% 

BolB 270 nm 

6x6mm2 

6.5 V at 250 mA 120 mW @ 250 mA < 10 ºC/W $60 7.4% 

Nikkiso 265 nm 

3.5x3.5mm2 

5.8 V at 350 mA 16 mW at 350 mA 15 ºC/W  1.1% 

Nichia 280 nm 

6.8x6.8mm2 

5.2 V at 350 mA 55 mW at 350 mA 8.4 ºC/W $170 3% 

Stanley 265 nm 

3.5x3.5mm2 

7 V at 400 mA 50 mW at 400 mA 7.9 ºC/W  1.8% 

UVON1 275 nm 

3.5x3.5mm2 

5.5 V at 60 mA 10 mW at 60 mA 21 ºC/W $30 3% 

Luminus 275 nm 

3.5x3.5mm2 

6.5 V at 350 mA 35 mW at 350 mA 5 ºC/W $24 1.5% 

 

All of the current commercially available UVC LEDs use compact surface 

mounted devices (SMD) packaging technology instead of the commonly used in 

research (yet outdated) metal holder packaging (TO-39), which seems to provide 

faster heat dissipation and less light absorption by metal. But, further shrinking 

of device size will compound the heat dissipation losses. Among all the 

commercial LEDs listed above, none is claiming a high device lifetime. The rated 

lifetime is ~ 1000 hour which shows that the lifetime is still a major obstacle and 

limiting factor for UV-C LEDs. Another important trend to note is the abrupt 

increase in operation voltage as the output wavelength decreases from 280nm to 

265nm which corresponds to ~10% increase in aluminum composition in the 

 

 
1 UVON is a joint venture between UV-C LED maker Dowa Electronics and LED packaging manufacturer 

Pointengineering corporation (PEC)  
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active region that makes the structure growth and design much more challenging. 

Also, at these prices shown in the table, UV LED is clearly unaffordable especially 

considering their poor reliability and limited lifetimes, and with the competition 

coming from cheap mercury-based UV lamp. At a retail price of $14.5 per single 

chip, the current cost of UV-C LED is > $0.75/mW. By comparing that with the 

blue LED which cost the end consumer ~ $0.1/mW, it becomes clear that UV LEDs 

still need to achieve breakthroughs in cost reduction by improving material 

quality and device engineering for the UV LED to penetrate into more commercial 

applications. 
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1.6 Application of UVC LEDs 

UV lights have potential applications in medical disinfection, water 

purification, data storage and communication, illumination and biological 

warfare detection. UVC light between 210 nm to 280 nm with intensity of 16 

mJ/cm2 is lethal to most germs, viruses and bacteria. National Sanitation 

Foundation (NSF) issued two international standards for point-of-use water 

disinfection. Class A standard classifies a UV dosage of 40 mj/cm2 as lethal to 

pathogenic bacteria and viruses and sufficient to filter contaminated water. Class 

B specifies that 16 mj/cm2 as the minimum bactericidal UV dose in water 

disinfection applications. In addition to water, UV-C light can be used to disinfect 

air and surfaces. Figure 1.3 shows the typical absorbance profiles of the selected 

microorganisms and how it aligns with the emission lines of UVC LED and UVC 

lamp. It is clear from Figure 1.3 that UVC LED exhibits greater disinfection 

efficacy than UVC lamp because it can be tuned to target the maximum 

absorbance range. It must be noted that the displayed absorbance profiles are not 

representative of all microorganisms and is just shown for simplicity. The 

maximum absorptivity varies from microorganism to another, primarily 

depending on the protein content in the DNA among other things. Another 

important factor is the UV irradiation dosage required to permanently damage 

the DNA of the microorganism, is likewise varies from microorganism to another. 

For instance Ebola virus require a UV dosage of ~100 mJ/cm2 to achieve 4 log 



 

 20 

reduction, whereas MERS virus requires ~200 mJ/cm2 to achieve similar 

reduction.8 

 

Figure 1.3: Absorbance profile of selected microorganisms, contrasted with the 

emission lines of UVC LED and UVC lamp (credit: ref 9). 

 

However, UV devices application is not limited to disinfection. There are 

several potential applications for UV LEDs and lasers such as chemical sensing, 

medical diagnosis, materials curing and atomic clocks and sensors. UVC LED can 

be also used to establish noiseless solar-blind secure communication channel as 

well as solar-blind photodetectors, because all UVC wavelengths on earth are 

blocked by the atmosphere and hence there are no UVC background radiation on 

earth (i.e. no noise background). Moreover, UV laser diodes (LDs) have potential 

application in high density optical storage CDs and DVDs. Data storage capacity 
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of CDs and DVDs is limited by the spot size of the incident laser beam, which in 

turn is a function of the laser wavelength. As the wavelength decreases, the spot 

size decreases, and the storage capacity increases. For instance, after the 

integration of Blue LDs in storage devices, the storage capacity dramatically 

increased from 5GB DVDs to 15-25GB per single-layer DVD-size disk, which is 

commercially known as Blu-Ray disks. Consequently, storage devices capacity 

can be enhanced by decreasing the wavelength, UV LDs with wavelength from 

210nm to 340nm is potential alternative of blue LDs. Such UV LDs have to be 

sufficiently reliable and affordable in order to find applications in data storage 

systems.  

 

1.7 Structure of Group III-Nitrides 

Wurtzite III-nitride belongs to the P63mc space group and can also be 

crystalized in Rocksalt structure or Zinc-blend structure 10, only wurtzite AlGaN 

is considered in this context. Molecular orbital theory describes how two atoms 

interact when forming a molecule. The atomic orbitals of the two atoms overlap 

and give rise to new bonding and antibonding molecular orbitals. The character 

and position of the new molecular orbitals is largely determined by the atomic 

electronegativity. The electronegativity of Al, Ga and N atoms are dissimilar, 

leading to asymmetric electronic density towards the atom with greater 

electronegativity.11 N is more electronegative than both Al and Ga, so its orbitals 
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are lower in energy than both. The N electronic configuration is 1s2 2s2 2p3. Ga 

electronic configuration is 1s2 2s2 2p6 3s2 3p6 3d10 4s2 4p1 and Al electron 

configuration is 1s22s22p63s23p1. Note that that the outermost orbitals are either 

s or p orbitals. According to tight binding theory, the N atom dominantly controls 

the valence band bonding states. Similarly, the empty antibonding states form 

the conduction band states that is mostly comprised of gallium s-orbitals as 

shown in Figure 1.4.12,13 As a result, AlGaN form a polar covalent partially-ionic 

bond by sharing the valence electrons, in this case, the s and p electrons that form 

predominantly sp3-hyprid tetrahedral bond 14,15, so that each group-III atom is 

bonded to 4 N atoms and similarly every N atom is bonded to four group-III 

atoms. Therefore, the valence band (VB) maximum in III-N exhibits the anion’s 

p–orbitals symmetry, whereas the conduction band (CB) minimum band has the 

cation’s s–orbitals symmetry. This simple description applies to almost all 

conventional semiconductors, including Si, Ge, GaAs, InP, ZnO, … etc. 
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Figure 1.4: Schematic of Tetrahedral bonding in gallium nitride, GaN forms lower 

bonding states associated with the valence band, and upper anti-bonding states 

associated with the conduction band. Reprinted from Ref 15. 

 

III-N crystallizes in two different crystal structures: Cubic Zinc-blend 

structure and hexagonal wurtzite structure, we will limit our discussion to the 

hexagonal AlN. The crystal is composed of cation sites occupied by Al, and anion 

sites occupied by N. In each unit cell of AlN, there are 4 lattice points, each lattice 

point is composed of 2 atoms (one Al-atom and one N-atom). Some AlN planes are 

given descriptive letter-names in technical language. Using hkl notation, (001) 

plane is termed c-plane, {100} represent family of m-planes and {110} represents 

family of a-planes. Nonpolar and semipolar nitrides caught interest among 

researchers due to their ability to increase the overlap between electrons and 

holes in quantum wells (i.e. eliminates and reduces polarization-induced band 

bending and charge separation in quantum wells),16 they also showed higher p-
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type doping concentrations and can be used to emit and detect polarized light, 

however, they suffer higher basal plane stacking faults than [0001] nitrides due 

to their inability to develop defects annihilation mechanism. hkil notation is 

equivalent to hkl notation with i=-(h+k), both notations appear widely in the 

literature and both will be appropriately adopted in this context. 

1.8 Challenges of AlGaN-based UVC 

LED 

There are several fundamental and technical intricacies that derail the 

progress of developing high efficiency UV LED. Interestingly, many of them can 

be traced back to the highly ionic character of the Al-N bond and the increasingly 

non-ideal unit cell structure of Al-rich AlGaN. Breakthrough results on multiple 

fronts are needed in order to accelerate the UV LED progress.  The major 

intricacies manifest in the poor crystal quality of the buffer layer and the poor 

hole injection of the active region due to p-AlGaN inefficiency as well as the 

limited light extraction efficiency. 
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(a) Crystal quality 

The crystal quality of AlGaN material is detrimental for the internal 

quantum efficiency of the multi-quantum well (MQW) region. For efficient active 

region, the average diffusion length of the minority charge carrier must be less 

than average dislocations spacing to avoid the non-radiative recombination with 

dislocations. There are three main types of non-radiative recombinations: 

Shockley-Read-Hall (SRH) recombination, surface recombination and Auger 

recombination as well as impact ionization generation. SRH recombination is 

defect-assisted nonradiative recombination, it strongly depends on the crystal 

quality of the active region, that is the higher the crystal quality, the lower SRH 

recombination. It also limits the minority carrier lifetime and as a result the 

external quantum efficiency (EQE) of the LED decreases. SRH recombination is 

dominant at low current operation. Surface defects such as dangling bonds and 

bulk defects such as impurities and cracks also act as non-radiative 

recombination centers. Surface recombination is limited to the interfacial layer 

and hence can be negligible in LEDs, but impurities and cracks can significantly 

limit the LED efficiency. Auger recombination is a complicated transition that 

involves two electrons and one hole, and it becomes the dominant non-radiative 

recombination process at high current densities. There are three types of 

threading dislocations: screw, edge and mixed dislocations. Studies on dislocation 

behavior in GaN suggest that pure screw dislocations are uncharged whereas 



 

 26 

edge component are negatively-charged and thus act as hole traps within the 

active region.17. Dislocations act as electrical and optical traps in optoelectronic 

devices and, hence, they are detrimental for the optical and electrical properties. 

A key to achieve high internal quantum efficiency in UV LED device is to reduce 

the TDD to less than 108 /cm2. Surprisingly, nitride optoelectronics can work 

efficiently even though TDD is very high compared to GaAs-based devices,18 this 

is attributed mainly to the short diffusion length of holes in nitrides materials 

and the resilience against new dislocation generation. Edge and mixed 

dislocations are expected to act as negatively-charged centers, they have limited 

ability to conduct electricity, yet they can scatter electrons and compensate holes. 

Screw dislocations are expected to be uncharged and therefore behave as current 

leakage path.17 Both type of dislocations will lower the quantum efficiency of the 

LED. Therefore, minimizing the threading dislocations density is essential for 

high performance UV LED 

(b) Hole injection 

One of the main reasons for poor hole injection in deep UV LED is due to 

the high activation energy of magnesium dopants in Al-rich AlGaN.19 In Silicon 

and GaAs semiconductors, the shallow acceptor typically has an ionization energy 

in the order of 50 meV, whereas p-type AlGaN with Al composition > 60% can 

have activation energy that exceeds 400 meV.20 The root cause for this problem 
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is that AlGaN has valence bands that are predominantly derived from the 

nitrogen 2p orbital.12 Thus, the valence band maximum occurs at a very low 

energy on the absolute scale as shown in Figure 1.5, so it is challenging to find an 

acceptor that will resonate with the low-energy valence electrons and form a 

shallow acceptor level 12. Other potential acceptor dopants that are substitutional 

to group III-site such as Zn, Cd and Hg, were found to cause hole localization and 

deep levels above the valence band maximum. This has been historically 

attributed to the p-d repulsion between nitrogen 2p electrons and dopant d-

electrons.21–23 Ga 3d electrons level was found by x-ray photoelectron 

spectroscopy to occur roughly 3 eV below the lowest valence band (comprised 

mostly from N 2p electrons) 24, but it is still treated as valence band level in some 

cases 25. Magnesium on the other hand does not have d electrons and is 

sufficiently shallow acceptor in p-GaN which support this hypothesis 26. Group V-

site substitutional acceptors such as carbon also form a deep level in GaN, 

possibly because carbon atomic p states have higher energy than the nitrogen p 

states (that derive the GaN valence band maximum), and hence carbon is not a 

shallow acceptor in GaN. It is important to note that carbon atomic p-states level 

is not expected to be the only reason. SiAs and GeAs are shallow acceptors in GaAs2 

even though their atomic states are higher in energy than As atomic states as 

shown in Figure 1.5. This might be attributed to the broadening of acceptor/host 

 

 
2 Si and Ge are amphoteric in GaAs and GaN (acceptors in the anion sites and donors in the cation sites). 
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bonding states into valence band states. AlGaN has strong ionic character and 

hence unable to replicate the effect of host-acceptor bonding states broadening.12 

 

 

Figure 1.5: Bandgaps for AlN, GaN, InN and various semiconductors and insulators. 

Bands are lined-up using the position of hydrogen energy level, and it shows the 

absolute energy level of the valence band maximum and conduction band minimum 

for every material. Figure is reprented from ref 27. 

 

Group V-site potential acceptor that has p orbitals lower in energy than 

nitrogen p orbitals may be more suitable to form shallow acceptor. But due to the 

position of nitrogen in the periodic table, there is no element that has this 

property. 

In summary, the nitrogen 2p-derived valence bands exhibit heavy holes 

and small energy dispersions, and that results in a limited selection of resonating 

candidates which eventually gives rise to the deep acceptors level in III-N. The 

same argument can be applied to oxide semiconductors that still lack p-type 



 

 29 

dopants. Also, the low solubility of magnesium  in Al-rich AlGaN material limits 

the doping efficiency because the enthalpy of formation of MgAl increases as the 

aluminum  composition increases.28 The magnesium equilibrium3 concentration 

CMg per unit volume (at temperature T) and the enthalpy change ∆𝐻𝑓 is related 

by:28 

                                     𝐶𝑀𝑔 =  𝑁 exp(−
∆𝐻𝑓

𝑘𝑇
)                                                           (2) 

where N is the total number of available substitutional sites per unit 

volume, k is Boltzmann constant. In addition to the deep level states and low 

solubility, Mg-doped AlGaN also suffers from impurities, complexes such as Mg-

H complex and nitrogen vacancies VN 
29. The large effective activation energy of 

Mg in AlGaN may be further compounded by the compensating effect from carbon 

and oxygen impurities. The free hole carrier concentration can be calculated using 

this formula 30: 

                                          𝑝 =  𝑁𝐴 exp(−
∆𝐸𝐴

𝑘𝑇
)                                                           (3) 

where 𝑝 is the hole carrier concentration in holes/cm3, NA is the doping 

concentration in atoms/cm3 , EA is the dopant ionization energy in eV unit and kT 

is the thermal energy in eV unit as well. The dopant ionization energy is given by 

( for simplicity we will assume that Mg acts as a hydrogenic acceptor in AlGaN) 

30: 

 

 
3 Although MOCVD growth is a non-equilibrium process, the equilibrium approximation is generally assumed 

applicable following the treatment of Van de Walle and Neugebauer.132 
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                                             𝐸𝐴 = 13.6 (
𝜖𝑜

𝜖𝑠
)2  (

𝑚ℎ
∗

𝑚𝑜
)                                                   (4) 

where 𝟄s and 𝟄o are the dielectric constant of the AlGaN and free space, 

respectively.  𝑚ℎ
∗  is the hole effective mass and 𝑚𝑜  is the free electron mass, 

bearing in mind that some of the ionized Mg acceptors (𝑝 or 𝑁𝐴
−1) will likely be 

compensated by point defects. Also, owing to the memory effect of Mg in MOCVD, 

the optimal growth window of p-AlGaN is narrower than the n-AlGaN. However, 

recent results from different groups showed that improved conductivity p-type 

AlxGa1-xN (x > 60%) can be grown by Molecular Beam epitaxy (MBE), Liang et 

al31 reported a Mg-doped 70% AlGaN with a resistivity of 1.9 Ω.cm, with a free 

hole carrier concentration of 6x1017/cm3 and a mobility of 9.4 cm2/v.s, at a 

magnesium concentration of 5x1019/cm3 which corresponds to dopant ionization 

of 1.2% at room temperature. Also, Liu et al32 reported another MBE-grown 60% 

Mg-doped AlGaN with a free hole carrier concentration of 8.7x1017/cm3 and a 

mobility of 10.6 cm2/V.s corresponding to a resistivity of 0.69 Ω.cm and a doping 

ionization of 11.6% at Mg concentration of 7.5x1018/cm3. However, p-type AlxGa1-

xN (x > 60%) grown by MOCVD still suffers from high ionization energy and hence 

high resistivity and poor hole injection efficiency. The large discrepancy in 

electrical quality between the MBE and MOCVD materials may be attributed to 

the different growth environments. MBE is high-Vacuum environment that has 

good control on the carbon and oxygen contamination, MBE growth chamber is 

free of hydrogen, except for ammonia-MBE, and hence eliminate the possibility 

of Mg-H complex formation, and the growth takes place at relatively low 
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temperature compared to MOCVD, which inhibits the adatoms desorption and 

hence reduce the probability of vacancy formation. MOCVD, on the other hand, 

uses carbon-containing and hydrogen-containing precursors such as 

Trimethylaluminium Al(CH₃)₃ and Trimethylgallium Ga(CH₃)₃, and uses higher 

growth temperatures that may promote vacancy formation. Additionally, p-

AlGaN currently lacks a transparent conductive electrode (TCE) that acts as a 

current spreading layer, AlN ohmic glass electrode has been demonstrated in a 

device and has been proposed as an alternative for the TCE 33. 

(c) Light Extraction 

AlGaN has a unique UV emission mechanism compared to GaN and InGaN 

light emission. Researchers have theoretically predicted34 and later  

experimentally confirmed35 the unique anisotropic light emission nature of 

AlGaN quantum wells. It was shown experimentally that the emitted light 

polarization switches from light with electric field vector perpendicular to c-axis 

direction (i.e. E ⊥ [0001] direction, often termed TE mode or S- or 𝜎-polarization 

in other contexts) to UV light with electric field vector parallel to c-axis (i.e. E // 

[0001] direction, likewise called TM mode, P- or 𝜋 -polarization) as the Al 

composition increases beyond 50%. Roughly speaking, this is an indication that 

the emitted light switches from topside emission to sidewall emission  as shown 
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in Figure 1.6 from conduction band minimum (CBM) to valence band maximum 

(VBM). 

 

  

 

Figure 1.6: Schematic of HH, LH and CH reordering as AlxGa1-xN composition 

increases from x = 0 to x = 1 showing the TM mode (E // c) in red and the TE mode 

(E ⊥ c) in blue (reprinted from refs 36 and 37). 

 

It is worth noting that the anisotropic light emission behavior is an 

intrinsic property of the anisotropic crystals, predicted long before the 

development of AlGaN MQWs.38 This light emission behavior limits the overall 

light extraction efficiency because sidewall emission is difficult to extract 

compared to topside emission, and therefore several growth and processing 

techniques have been proposed to counteract this effect in AlGaN quantum wells. 

But so far, light extraction remains a limiting factor in AlGaN UV LEDs. The 

origin of this behavior is attributed to the crystal field splitting and the resulting 

rearrangement of AlGaN valence subbands as shown in Figure 1.6.35 
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Better understanding of the valence band (VB) splitting in AlGaN and how 

it led to selective optical emission in AlGaN UV LED requires familiarity with 

two concepts: 1) Group theory’s treatment of Brillouin zone (BZ) and the high 

symmetry points in the Zone.4 And 2) Fermi’s golden rule of interband transitions 

which imposes the conservation laws of both energy and momentum on any 

photon emission or absorption process, and thus, allows or forbids a certain 

transition depending on the magnitude of the momentum matrix element 

⟨𝜓𝑓|𝑝|𝜓𝑖⟩ (in Dirac notation). Where 𝑝 denoted the total momentum operator that 

imposes the conservation of momentum on any transition involving the two 

wavefunctions 𝜓𝑓  and 𝜓𝑖 , such that, the transition is forbidden if the matrix 

element is zero, and allowed if it is nonzero with a probability (or rate) 

proportional to the magnitude of the matrix element. 

A photon emission or absorption is treated in this context as an electric 

dipole transition (a.k.a exciton), since the -ve electron and +ve hole form an 

electric dipole  -/+. A classical application of Fermi’s golden rule is the selection 

rules for E polarization of a photon emission in a single atom, as listed in Table 

1.4. The selection rules for the optical polarization in AlGaN is an analogy of this 

example. 

 

 

 

 

 
4 Group theory is a mathematical theory that has been introduced to Solid State Physics by Bouckaert, 

Smoluchowski and Wigner in 1936. 
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Table 1-4: Selection rules for light emission polarization in a single atom with full 

spherical symmetry, adopted from “Optical proerities of solids” by Mark Fox.39 

 

Quantum number Selection rule Polarization 

Parity changes  

Angular momentum 𝑙 ∆𝑙 =  ± 1  

Spin 𝑠 ∆𝑠 =  0  

Magnetic quantum number 𝑚 ∆𝑚 =  0 Linear ∥   𝑧 

 ∆𝑚 =  ± 1 Linear ⊥   𝑧 

 

Unlike isolated atoms, atoms in crystals are partially ionized and the 

electric charge is distributed nonuniformly in the case of nonideal, noncubic unit 

cells, therefore, there is a nonzero local electric field in the crystal––termed 

crystal field––that acts on the orbital motion of the electrons inside the crystal; 

resulting in a splitting of the crystal energy bands.40 

Because crystals are more complex than isolated atoms. Group theory 

leverages the high symmetry of BZ to greatly reduce the complexity of band 

structure calculations of a crystal––instead of solving Schrödinger’s equation of 

~1022 electrons/cm3 individually. Group theory assigns certain symmetry to each 

element of the system (crystal, bands, orbitals, excitons, wavevectors, operators, 

electric fields, defects …). Then, it reduces the photon emission process into a 

symmetry problem.41 In which, the CBM, the VBM, the momentum operator and 

excitons all must share at least a common symmetry component, otherwise, the 

transition will be forbidden (known as matrix element theorem). 
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We will restrict our discussion to Γ point (the center point of BZ k = 0), 

because Γ point possess the full symmetry of the crystal and is the point most 

relevant to the band edge emission in LEDs. Other BZ points may not possess the 

full symmetry the of the crystal. We will also restrict the discussion to the double 

group representation5 of energy bands to account for the electron spin state.  

There are two important results of group theory treatment of BZ. First, it 

links the degeneracy of the energy bands to the symmetry of the system elements 

(bands, orbitals, crystal, …), and sets the maximum energy degeneracy that a 

crystal can accommodate––that is, any broken symmetry will lead to a broken 

degeneracy or energy shift in the bands.40 For example, the maximum allowed 

degeneracy in cubic symmetry (e.g. Si or Ge) is 4-fold, whereas the degeneracy of 

VBM p–like orbitals is 6-fold w/ spin. This explains why in Si and GaAs, VBM 

splits into heavy, light and Spin-off holes (HH, LH and SO) subbands, because 

now the p-orbitals degeneracy exceeds that allowed by the crystal symmetry (i.e. 

VB splitting due to spin orbit coupling). A symmetry can be broken by several 

perturbations:40 1) lowering the crystal symmetry (e.g. cubic  wurtzite). 2) 

moving from BZ center to low-symmetry points (e.g. from Γ  to 𝑈 ) and 3) by 

applying an external field––electric field (Stark effect), magnetic field (Zeeman 

effect) or strain. 

 

 
5 Three notations are commonly used, Rashba notation, Koster notation and BSW notation. See for 

more detail Group Theory and Quantum Mechanics By Michael Tinkham and Gordon McKay, Dover 

Publications (2003). 
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Second important result is that it links the interband transitions to the 

symmetry of the system (of energy bands, excitons, crystal, …). In a system as 

small as a single isolated H atom, the selection rules for optical transitions is 

imposed by conservation law of angular momentum.39 In crystals, however, the 

selection rules follows from the fact that any interband optical transition must 

conserve the crystal momentum.42 The relationship between symmetries and 

conservation laws is well-established by Noether's theorem.6 Strictly speaking, 

the theorem only applies to continuous symmetries. A crystal only exhibits a 

periodic and finite translational symmetry and, in some cases, a discrete 

rotational symmetry (0º, 60º , 90º, 120º, 180º and 360º). However, from Bloch’s 

theorem, the crystal momentum must be conserved in optical interband 

transitions. Likewise, crystal size is finite and only allows limited set of rotations 

(0º, 60º , 90º, 120º, 180º and 360º), hence, crystal angular momentum7 is expected 

to be discretely conserved under certain rotational symmetries––the conservation 

of angular momentum in crystals (or lack thereof) is a century-old debate that 

stemmed from the broken rotational symmetry in crystals, for a discussion see 

ref 43. 

The electronic band structure of GaN and AlN at Γ point is shown in Figure 

1.6, the topmost valence subbands undergo a reordering process as the Al 

 

 
6 In Noether's theorem, a continuous translational symmetry must conserve the momentum, 

whereas a continuous  rotational symmetry must conserve the angular momentum. 
7 Both crystal momentum and crystal angular momentum are not real mechanical momentums, and are only 

related to mechanical momentum by symmetry and transformation proerities.196 
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composition increases from GaN to AlN. As discussed above, III-N top valence 

bands exhibit the nitrogen p–orbitals symmetry. The splitting of the topmost 

valence band into 3 subbands is very common in all classical III-V (GaN, ZnO, 

CdS, GaP,…) and II-VI (Si, Ge,…) semiconductors, and is mainly attributed to 1) 

six-fold degeneracy of p-like valence bands (px , py , pz) x (𝛼, 𝛽) where 𝛼 and 𝛽 

represents the two spin-state wavefunctions.44 2) energy splitting due to spin-

orbit interaction ∆so 
45,46 and 3) the effect of crystal field splitting ∆cf on p – orbitals 

in non-cubic semiconductors.47,48  

The crystal field splitting of p – orbitals is a direct result of 1) the nonzero 

crystal potential and 2) broken cubic symmetry in wurtzite crystals (i.e. crystal 

field does not split p -orbitals in ideal cubic crystals, they are only split due to 

spin orbit coupling). The main distortion in wurtzite unit cells is along the z-axis 

(assuming 𝑐 ∥ 𝑧 ) and therefore, pz orbitals are inequivalent to px and py. 

Consequently, the VB subband that is made up of pz-type orbitals experience a 

unique energy shift that is proportional to the uniaxial crystal field which, in 

turn, proportional to the deviation from the ideal hexagonal unit cell. 

As a result, the interband optical transition between each one of these 

three valence subband and the CBM exhibit different properties and is subjected 

to different selection rules––followed from group theory classifications of energy 

bands as outlined by BSW.46,49,50 Because the dispersion of the CB and VB around 

k = 0 is parabolic, we can denote the different VB subbands by their effective hole 

masses Heavy holes (HH) bands, Light Holes (LH) band and crystal-field split-off 
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holes (CH). The rearrangement of these subbands at 𝚪 point leads to polarization-

selective emission in AlGaN MQWs. The critical aluminum composition where 

HH, LH and CH bands crossover depends on the strain of the AlGaN layer.13  

The topmost valence subbands are labeled as Γ7+𝑣 , Γ9+𝑣 and Γ7−𝑣 according 

to the standard Group theory’s double group51 representation 8 . Γ𝑖  is termed 

irreducible representation9 of the group and the subscript i in  Γ𝑖  denotes the 

group’s theory representation of the band  symmetry and gives information about 

the band degeneracy and basis wavefunctions that constitute this band (see the 

appendix).49,52 There is no consensus on the representation notation 10  and 

therefore proper understanding of the band representations approach requires a 

background knowledge of symmetry classification of the bands (see ref 53). 

However, often this information can be found tabulated in the literature. 

Wurtzite AlGaN is a uniaxial crystal with a hexagonal symmetry around 

the c-axis (aka the screw rotation axis), and therefore the electric dipole operator 

𝑝 has axis-dependent symmetry;54 Γ1 for 𝑝∥ (i.e. E // c-axis) and Γ5 for 𝑝⊥ (i.e. E ⊥ 

c-axis).40 According to matrix element theorem, the matrix element ⟨𝜓𝑣|𝑝|𝜓𝑐⟩ is 

nonzero if, and only if, the direct product of 𝜓𝑣 𝑎𝑛𝑑 𝑝  symmetries contains a 

symmetry component of 𝜓𝑐. The direct product of irreducible representations can 

 

 
8 Double group representation, in contrast to single group, takes account of the electron spin effect and 

therefore used with electron and hole wavefunctions. Excitons (i.e. electron-hole pairs) are represented by 

single group representations because their spin is generally assumed = 0. 
9 See Representation theory in ref 194 for more details.  
10 Several notations can be found in the literature: Rashba notation, Koster notation and BSW notation. See for 

more detail Group Theory and Quantum Mechanics By Michael Tinkham and Gordon McKay, Dover 

Publications (2003). 
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be easily evaluated from the tabulated character tables (see the appendix), the 

direct product will then lead to the following selection rules (i.e. matrix element 

theorem)54 : 

⟨𝜓𝑣|𝑝|𝜓𝑐⟩ ∝  𝛤𝑐x 𝛤𝑝 x 𝛤𝑣 {
≠ 0  , 𝑜𝑛𝑙𝑦 if Γc appears in the direct product 𝛤𝑣 X 𝛤𝑝  

= 0                                                                          otherwise
 

By applying the matrix element theorem to wurtzite AlGaN (point group 

6mm), the selection rules for optical transitions at k = 0 can be derived. In 

wurtzite, p operator has Γ1and Γ5 symmetries. Exciton states in wurtzite are 4-

fold degenerate11 and can possibly assume 4 different symmetries Γ1, Γ2. Γ5 and Γ6 

(see the appendix). However, Hopefield44 calculated the matrix element of these 

excitons and showed that only electron hole pairs with Γ1and Γ5 symmetries are 

dipole active in wurtzite structures and that Γ2and Γ6  are forbidden, where Γ5 

corresponds to light with E ⊥ [0001] and Γ1 corresponds to light with E // [0001]. 

The energy shift due to spin-orbit splitting ∆so is relatively weak in III-N 

compared to other III-V because of the small nuclear charge of N,46 and therefore 

is not responsible for the strong anisotropic light emission in AlGaN. However, 

crystal field splitting ∆cf arises from the broken cubic symmetry in wurtzite and 

increases as the unit cell nonideality increases,55 therefore ∆cf results in the 

dominant energy shift between Γ7+𝑣 , Γ9+𝑣 and Γ7−𝑣 subbands as shown in Figure 

1.6. Γ7−𝑣  constitutes the VBM in polar AlN and Al-rich AlGaN. Following 

Hopfield’s treatment44 of wurtzite crystals (space group = 𝐶6𝑣
4 ), calculations34 of 

 

 
11 Corresponds to all possible configuration of electron and hole spins (i.e. accidental degeneracy). 
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the electric dipole matrix element ⟨𝜓𝑣|𝑷|𝜓𝑐⟩ showed that the optical transition 

between CBM and VBM in AlN is forbidden for E ⊥ [0001], in a drastic contrast 

to GaN.56.  

The selection rules for electric dipole transitions in wurtzite crystals have 

been derived by Birman57 and Dresselhaus38 in 1957 and showed that the basis 

wave functions of Γ7−𝑣  subband is |𝑍⟩ -like wavefunctions whereas Γ7+𝑣  , Γ9+𝑣 

subbands are |𝑋 ± 𝑖𝑌⟩-like wavefunctions. For wurtzite crystals with spin effect 

included, Birman57 derived the following selection rules for interband optical 

transitions (in Koster notation adopted from Dresselhaus38): 

For E ⊥ [0001]:    {
Γ7𝑐    ↔   Γ7+𝑣 
Γ7𝑐    ↔  Γ9+𝑣 

} 

For E // [0001]:  Γ7𝑐    ↔  Γ7−𝑣 

And the dominant character of the basis wavefunctions are as follows: 

Γ7𝑐 |𝑍⟩ − 𝑙𝑖𝑘𝑒

Γ7−𝑣 |𝑍⟩ − 𝑙𝑖𝑘𝑒 
Γ9+𝑣

Γ7+𝑣

|𝑋 ± 𝑖𝑌⟩ − 𝑙𝑖𝑘𝑒
|𝑋 ± 𝑖𝑌⟩ − 𝑙𝑖𝑘𝑒

 

Interestingly, Dresselhaus38 noticed that breaking the symmetry (e.g. with 

spins or defects) relaxed the selection rules for optical transitions. Similarly, 

Birman noted that selection rules is relaxed and the band symmetry is lowered 

after the splitting from ∆so and ∆cf, and  that the CBM and valence subbands 

becomes increasingly of mixed-character of s, px, py and pz orbitals.57  

 It is essential to keep in mind that all these selection rules were derived 

based on the assumption of perfect single crystals. Defects (dislocation, vacancies, 

impurities, …) clearly lower the symmetry of the crystal, and therefore relax the 
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selection rules. However, several groups experimentally confirmed the theory and 

demonstrated the strong anisotropic nature of light emission in AlGaN MQWs.58 

Therefore, LEE remains a limiting factor of the overall UV LED efficiency. It 

worth noting that these selection rules are not only applicable to optical interband 

transition. Similar rules can be derived for phonons, Raman and infrared 

transitions as well. 

Obviously, for the LED to work efficiently, the generated light must not 

undergo a total internal reflection so that it does not lose intensity or “trapped” 

inside the thin films. According to Snell’s law, total internal reflection (TIR) 

increases as the contrast of refractive indices of the traveling mediums increases. 

In vertical emission, the emitted light passes through a stack of thin films that 

have comparable refractive indices, and total internal reflection of the generated 

UV light is thus minimal. In case of horizontal emission from the MQW, the 

horizontally-travelling light is more likely to experience a TIR due to the large 

difference in refractive indices between the thin film and the surrounding 

medium (i.e. air). Also, it is much easier to control the roughening of the top and 

back surfaces than to roughen the sidewalls of the active region. When UV light 

undergoes a TIR, it loses energy or perhaps becomes trapped in a series of TIRs. 

This phenomenon results in a low light extraction efficiency (LEE) and 

consequently limit the external quantum efficiency (EQE) of UV LEDs to around 

10%. The UV power loss incurred due to multiple reflections and refractions is 

quantified by Fresnel coefficients and depends on the UV light polarization (𝐸∥ or 
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𝐸⊥ to the interface plane as shown in Figure 1.7). Fresnel coefficients for reflected 

power of different polarizations can be calculated by 59  

𝑅𝐸∥
=  |

𝑛1 cos(𝜃1 )− 𝑛2 cos (𝜃2 )

𝑛1 cos(𝜃1 )+ 𝑛2 cos (𝜃2 )
|

2

     (5) 

And  

𝑅𝐸⊥
=  |

𝑛1 cos(𝜃2 )− 𝑛2 cos (𝜃1)

𝑛1 cos(𝜃2 )+ 𝑛2 cos (𝜃1 )
|

2

     (6) 

The ratio of total reflected power RT is then: 

𝑅𝑇 =  
𝑅𝐸∥

+ 𝑅𝐸⊥

2
       (7) 

And the ratio of total transmitted power T is then simply calculated by 

applying the conservation of energy law such that: 

𝑇 =   1 −  𝑅𝑇       (8) 

Note that in this treatment, the absorption losses is embedded in the 

reflection component 𝑅𝑇, because 𝑛1 and 𝑛2 are allowed to be complex refractive 

indices in the form (𝒏 = 𝑛 + 𝑖𝑘) to account for the absorption in the materials, 

given that the absorption coefficient 𝛼 is related to the extinction coefficient 𝑘 by 

𝛼 =  
4𝜋𝑘

𝜆0
, where 𝜆0 is the free space wavelength. 
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Figure 1.7: Schematic of light refraction and reflection at a dielectric interface, 

showing the the critical angle 𝜽𝒄 for total internal reflection.59 

 

Light polarization has significant impact on the light extraction efficiency 

and hence on the device overall efficiency60. It has been demonstrated for deep 

UV LED that the use of highly reflective contact and transparent AlGaN layer 

can boost the output power by 3x compared to a same LED with semi-reflective 

metal contact and p-GaN contact layer,61 which demonstrated the limits that 

light extraction may impose on the device efficiency. 

In conventional LEDs, it is known that the side-wall extraction efficiency 

is less than 4.5%, this result followed from calculating the critical angle for the 

total internal reflection (TIR) at the AlGaN/Air interface. Angled sidewalls or chip 
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shaping can improve the sidewall extraction, but both techniques are difficult to 

apply in thinfilms flipchip devices.59 

In UV LED, assuming isotropic light emission and AlGaN refractive index 

= 2.4 at wavelength of 280nm. The TIR critical angle is calculated by Snell’s law 

to be 𝜃c= 24.6o where 𝜃c is the between the AlGaN/Air interface. The light 

extraction efficiency 𝛈ext
 is then simply equals: 

                                          𝜂𝑒𝑥𝑡 =  
2𝜋 (1 − cos 𝜃𝑐)

4𝜋
 ≈

1

4 𝑛2
                                     (9) 

Where 2𝜋 (1 − cos 𝜃𝑐) is the solid angle associated with 𝜃c, 4𝜋 is the solid 

angle of a full sphere and n is the AlGaN refractive index. This shows that the 

LED side-wall light extraction is very limited, the top or bottom surface can be, 

unlike the side-walls, roughened, patterned or encapsulated to significantly 

widen the escape solid angle and enhance the light extraction. Therefore, TE 

mode emission has higher extraction probability than TM mode emission. The 

light extraction is also limited by Fresnel reflectivity loss which limits the 

transmitted power ratio T at the AlGaN/Air interface at normal incidence 𝜃i= 0o 

to:  

                                                 𝑇 =  
4 𝑛

(1 + 𝑛)2
                                                                (10) 

where n is AlGaN refractive index at the photon wavelength. So now the 

overall light extraction efficiency is further reduced by Fresnel loss to 

approximately: 

                                                𝑜𝑣𝑒𝑟𝑎𝑙𝑙 𝜂𝑒𝑥𝑡 =
1

𝑛 (1 + 𝑛)2
                                        (11) 



 

 45 

This yields ~ 3.6% light extraction efficiency for AlGaN with refractive 

index n=2.4. Further Light losses due to impurities, metals and MQW 

reabsorptions (i.e. photon recycling62) may further reduce the overall light 

extraction efficiency down to ~ 1%. 

There are three major techniques to enhance the LEE;59 high index 

encapsulation, surface texturing and chip shaping. In thin film flip chip (TFFC) 

architecture (identical to what we used in this project), the lateral dimension (~ 

300 µm) >>> the vertical thickness (~ 4 µm) and the overall LEE is therefore 

heavily dependent on two parameters: the p-mirror reflectivity and the backside 

roughening as shown in Figure 1.8.63 

  

  
A B 

Figure 1.8: Simulated total LEE (Cex) in TFFC architecture as a function of (a) 

backside roughening scattering strength f and (b) p-mirror reflectivity RP. (figures 

are reprinted from ref 63). 
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(d) Thermal management 

Poor thermal management and LED overheating affects both the 1) the 

light output of the deep UV LED and 2) the lifetime and reliability of the LED 

and hence increases the costs of ownership and maintenance 64. Most LED 

failures are likely temperature-dependent and therefore robust thermal 

management is essential for durable and reliable LED operation.27 In addition to 

lifetime and reliability, LED junction temperature TJ also affects the forward 

voltage, the peak wavelength and emission flux, it also reduces the LED efficiency 

by increasing the leakage current via thermionic emission.65 Due to low power 

conversion efficiency in UV LED, the LED power dissipated as light is neglected 

in the thermal design. The LED power dissipated as a heat is given by 66: 

𝑃𝐷  ≈ 𝐼𝑓  𝑉𝑓                                                                           (12) 

where PD is the power dissipated as a form of heat (in Watt). Vf is the 

forward voltage and If is the forward current. The junction temperature TJ 

increases with the heat generation at a rate that is determined by the heat 

dissipation rate to the ambient. Every UV LED a has maximum junction 

temperature TJmax that, if exceeded, irreversible thermal damage and failure may 

occur. So, it is desired to keep the junction temperature within a safe limit to 

avoid the overheating issues. The thermal design goal is to increase the heat 

transfer out of the LED into the ambient to minimize the junction temperature 

TJ increase. High thermal-conductivity packaging and heat sinks can provide a 
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solution for that problem. The increase in TJ is determined by the thermal 

resistance Rth between the LED and the ambient (in ºC/watt unit) which is, in 

turn, is the total sum of the thermal resistance from the LED package to the 

heatsink RL→H , and the thermal resistance from the heatsink to the ambient 

RH→A , where the heat is then transferred by air convection, hence: 

                                        𝑅𝑡ℎ =  𝑅𝐿→𝐻 + 𝑅𝐻→𝐴                                                           (13) 

In this simple model, the junction temperature can be calculated as 66: 

                                              𝑇𝐽 =  𝑃𝐷 𝑅𝑡ℎ + 𝑇𝑎𝑚𝑝                                                  (14)

 

Figure 1.9: Simple electric circuit model of LED thermal resistivity. 

 

In this model, depicted in Figure 1.9, the heat transfer problem is treated 

as electrical circuit problem where temperature is represented by the voltage, the 

thermal resistance is treated as an electrical resistance and the heat flow is 

treated as current. The thermal resistance Rth is determined by the materials 

used in the packaging. When attaching the LED to a heatsink it is recommended 

to follow certain rule of thumbs: a) minimize the distance that the heat needs to 
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travel b) maximize the surface area of the heatsink to maximize the heat transfer 

to the ambient (25 cm2 for every 1 watt of heat dissipation is a typical rule of 

thumb) c) Use materials with high thermal conductivity like copper or aluminum 

for efficient heat transfer. 

Owing to the poor thermal performance of the commercial UV LEDs, 

Industrial manufacturers of UV LED systems recommend external cooling of UV 

LEDs rated above 4 W/cm2,65 below that, UV LED should be air-cooled if equipped 

with low thermal resistivity design and packaging. Currently, the external 

cooling requirements limits the energy-saving advantages of high-power deep UV 

LED compared to the Mercury-based UV lamp. 

(e) Packaging and encapsulation: 

High quality Packaging and encapsulation is essential for durable and 

efficient operation of UVC LED, most organic materials react with UVC light via 

induced photlysis and deteriorate over time. The standard encapsulants used in 

visible LED packaging such as silicone resin (which is a polymer with a backbone 

chain of —Si—O—) cannot be used for UV LEDs. This limits the basket of 

potential materials that can be used as UVC encapsulants. Therefore, 

substandard and/or expensive alternatives such as silica or other synthetic 

proprietary materials are currently used as UV encapsulants.67 Silica, although 

UV transparent and deployed commercially, is not ideal candidate for UVC 
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packaging and cause a light extraction loss of 40% as estimated by Nikkiso – a 

major UV manufacturer.68 The loss is mostly due to the low nonideal refractive 

index of silica and also due to the unintentional formation of voids at the 

LED/encapsulant interface. 

In resin-based polymer encapsulants, the rate of photoinduced 

decomposition is a function of the binding energy of the backbone chain of the 

polymer material and the side chain as well. The binding energy of the polymer 

set the limit for the photon energy that can be theoretically accommodated 

without degradation, simply calculated using the photoelectric equation 

E=hν.(see Table 1-5). 

 

Table 1-5: List of binding energies of different chains and their corresponding cutoff 

wavelength.7 

Chain Binding energy Cutoff wavelength 

C—H ~410 kJ/mol ~302 nm 

Si—O ~448 kJ/mol ~277 nm 

C—F ~483 kJ/mol ~256 nm 

Si-F ~565 kJ/mol ~220 nm 

 

Clearly, the C—F chain is stronger than Si—O chain and therefore has a 

lower cutoff wavelength of 256 nm as shown in Table 1-5, and thus it is a 

preferred candidate to be the building block for a UV encapsulant. Proper choice 

of the side chain can enhance the binding energy even more. It is worth noting 
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that decreasing the cutoff wavelength of the resin comes at the expense of 

decreasing the refractive index n as well. Common UV-transparent polymers 

have n ~ 1.35, whereas the optimal refractive index is desired to be index-matched 

or greater than nAlGaN ~ 2.4. In this case, a unity extraction efficiency can be 

potentially achieved by forming a large spherical encapsulant around the 

LED.59,69 

However, not every (C—F)-based material can be used as a UV 

encapsulant, it has to attain the UV transparency. For instance, PTFE (aka 

Teflon) is widely used (C—F)-based polymer but it is not UV transparent — it 

appears white because it scatters the light due to the crystallization of polymers. 

This excludes crystalline materials and adds on an additional constraint on the 

candidate material, therefore the ideal encapsulant must be optically-isotropic, 

transparent and amorphous. Hence, the research is focused on amorphous 

fluoropolymer-based materials as potential candidate for UVC encapsulants. 

Recently, UV Craftory demonstrated a power enhancement factor of 2x using 

amorphous fluororesin enhanced with trifluoromethyl CF3 end group with 95% 

transmittance at a wavelength of 280nm and >1000 hours durability.7 Another 

industry group achieved similar result using inorganic sapphire-based lens 

bonded using surface-activated bonding method69— in contrast to resin molding 

method.  Si—F chain exhibits even higher binding energy than C-F but to the 

best of our knowledge, there is no reports about (S—F)-based UV encapsulants 

yet.  
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Chapter 2: Growth and 

characterization of AlGaN 

2.1 Introduction: 

Epitaxial growth of AlGaN has been demonstrated by MOCVD, MBE 

(Molecular beam epitaxy) and HVPE (Hydride vapor phase epitaxy). However, 

MOCVD is the dominant technology used for commercial AlGaN UV LED. 

Several research and industrial groups 70–74 demonstrated MOCVD-grown AlGaN 

UV LEDs with wavelength < 280 nm and with wall-plug efficiency (WPE) > 5%. 

Therefore, MOCVD growth of AlGaN was the tool used to grow all AlGaN 

material in this work. In this chapter, we will briefly introduce the growth 

reactors and substrates used in this project and the growth techniques routinely 

used  to characterize and eventually improve the growth quality. Studies on the 
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impact of MOCVD growth conditions on the UV LEDs performance are still 

limited. So we relied on thermodynamic models and Burton-Cabrera-Frank 

(BCF) theory of crystal growth to predict the interdependence between the growth 

parameters and the growth mode in our materials.75 

2.2 Growth Reactor 

MOCVD (aka MOVPE12 or OMVPE13) is a dependable tool to grow high 

quality AlGaN epitaxial layers, MOCVD - capable of growing several epitaxial 

layers with precise monolayer controllability and robust repeatability with well-

defined interface - has been crucial for the mass production of high quality 

epitaxial layers employed in fabricating high efficiency LEDs and LDs, promoting 

the efficient use of energy and improving the quality of life worldwide. 

Throughout this project, MOCVD has been used to grow the AlGaN 

materials over AlN buffer layer, and [0001]-oriented Silicon Carbide was chosen 

as a substrate to take advantage of the small lattice mismatch between AlN and 

SiC which is less than 1%, and negligible Thermal Expansion Coefficient (TEC) 

mismatch ∆α ~ 1 ppm oC-1 across the temperature range (25 C – 1400 C)76,77,78. 

The small lattice mismatch is expected to help reducing the threading dislocation 

density of the AlN/SiC buffer layer. The small TEC across wide range of 

 

 
12 Metalorganic Vapor Phase Epitaxy. 
13 Organometallic vapor phase epitaxy. 
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temperature prevents generation of strong stress gradient during the ramping 

up, epitaxial deposition, and cooling down stages of the growth. Nonetheless, 

direct growth of AlN on SiC substrates can cause film cracking, our observation 

of this phenomena has been reported previously, and was attributed to 1) 

mismatch in the thermal expansion coefficient79, and 2) the tensile strain resulted 

from grain and coalescence80, and threading dislocation inclination.78 

Fortunately, with few experimentations on the as-received substrate, a simple 

solution for the cracking problem was found. We discovered that pretreating the 

SiC substrate in-situ in NH3/H2 ambient at high temperature 1250 oC – 1400 oC, 

can completely eliminate the cracks from the surface81, as discussed in Chapter 3 

(Figure 3.4). 

The similarity in crystal structure and polarity between AlN and SiC is 

advantageous and simplify the development of high-quality AlN growth over SiC. 

Another advantage of using SiC as a substrate for UV LED application, is that 

SiC can be removed after growth to minimize the SiC absorption of UV light and 

increase the light extraction of the LED. SaifAddin et al82, developed a highly 

selective process to remove the SiC, first with mechanical grinding that reduce 

the SiC thickness to 100µm and then using Inductive Coupling Plasma Reactive 

Ion Etching (ICP-RIE) that completely remove the SiC and expose the N-face AlN 

buffer layer, that can be roughened using simple room-temperature Potassium 

Hydroxide (KOH) solution treatment, that further increase the light output by 

1.5x to 3x83. 
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Two reactors have been used in this project, although they differ in the 

chamber geometry and gas flows. They both used the same ammonia, H2 and N2 

sources. They also shared the same bubblers and precursors for the 

metalorganics.  

Both reactors are low-pressure MOCVDs and employed a load-lock 

transfer system to reduce the moisture, carbon and oxygen content inside the 

growth chamber. The reactor growth pressure can be lowered up to 10 kPa to 

increase the aluminum  adatoms surface mobility and control the carbon 

concentration as well. The heater is in contact with the susceptor and is made of 

Silicon Carbide and coated with White Boron Nitride material to withstand the 

high growth temperatures that can reach up to 1400 ºC. The susceptor may carry 

up to three 2’’ wafers as shown in Figure 2.1. 

 

 

Figure 2.1: TNSC SR4000-HT reactor. (courtesy of TNSC) 
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The susceptor is made of graphite and contains 2’’ pocket that rotates 

during the growth at a rotation speed fixed at 10 rpm. Both reactors require 

regular preconditioning steps to enhance the repeatability and material quality. 

These steps include baking the chamber at maximum temperature after 

maintenance rounds to minimize the water vapors and passivating any impurity 

adsorbates on the chamber walls and coat them with AlN and AlGaN as this was 

found helpful in improving crystal quality and suppressing cracking as shown in 

Figure 2.2. From a practical perspective, lack of proper reactor preconditioning 

process can lead to undesirable results such as haziness in grown materials; 

instability of AlGaN growth rate and composition due to unintended deposition 

of MOs on the chamber walls and higher incorporation of impurities into the epi 

layers. A typical preconditioning process includes growing dummy UV LED recipe 

after each chamber maintenance round and before every LED growth cycle.  

Due to the high growth temperature required to grow high quality AlN and 

AlGaN, the maintenance rounds are mostly prompted by failures in the heater 

circuitry as shown in Figure 2.2, including the heating element itself that got 

fatigued over time by repetitive cycling of extreme temperatures and the 

thermocouple element where most of the failures occur. 
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Before reactor coating (fine cracks) After reactor coating (no cracks) Heater failure mechanism 

Figure 2.2: Effect of reactor conditioning on cracking suppression and example of 

failure of uncoated carbon heater. 

 

Mike Iza (Principal Development Engineer in the UCBS MOCVD 

Laboratory) found that coating the heating element with durable reinforcing 

material like boron nitride can substantially improve the lifetime and 

performance of the heater. One key difference between the two reactors used in 

this project is the readout temperature. Both reactors are heated by resistive 

carbon heater and the readout temperature is measured via the voltage difference 

of the thermocouple sensor fixed under the rotating susceptor. However, due to 

the difference in chamber design geometry, the distance between thermocouple 

probe and growth surface is not equal between the two reactors, which gives rise 

to a significant difference in the reading temperature between the two reactors. 

We have not quantified the temperature offset between the two reactors. But 

relative to the temperature of the growth surface, we assumed that for Reactor 1, 

the temperature offset is 20 ºC between growth substrate and the thermocouple 
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probe. While for the Reactor 2, we assumed a temperature offset of 100 - 150 ºC 

between the growth surface and the thermocouple probe. It is important for the 

reader to take note of this difference in temperature offsets, otherwise, there may 

be an apparent discrepancy between some of the experimental figures in 

Chapters 3 and 4. 

2.3 Growth Substrate 

Silicon carbide (SiC) is one of the first discovered semiconductors, it was 

first synthesized by Swedish chemist Jöns Jacob Berzelius in 1824 while trying 

to synthesize artificial diamond. In 1893, an industrial process to manufacture 

SiC was invented by Edward Goodrich Acheson. In 1907, Henry Joseph Round 

discovered the electroluminance phenomena while passing a current on a crystal 

of SiC, or carborundum as it was trademarked at that time. After that (about 75 

years later), SiC was considered a potential material for blue LEDs, but despite 

technological advances failed to exceed 0.03% power conversion efficiency and 

was ultimately abandoned.84 Yet, SiC remains relevant to the LED industry as a 

candidate substrate for III-nitrides, as it is chemically-inert, widely available in 

a high crystalline quality, and stable at high temperatures. It also has additional 

advantages in case of AlGaN alloy; SiC and AlGaN have similar crystal structure, 

similar polarity and similar lattice and thermal expansion constants, so SiC was 

chosen as a substrate in this project for the development of AlGaN-based deep 
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UV LED. Although SiC has indirect bandgap, it still absorbs UV light 

significantly and effectively limit the light extraction efficiency. Therefore, post-

growth SiC removal process is needed to achieve high light extraction LED. 

Similarly, AlGaN is a man-made material, it does not exist naturally. First 

thin film GaN was epitaxially grown on Sapphire in 1968 at Radio Corporation of 

America (RCA) research labs by Herbert Paul Maruska and James J. Tietjen 

using a growth technology that Tietjen co-developed, which is Halide Vapor Phase 

Epitaxy (HVPE). Since RCA at that time had already developed Green, and Red 

LED using gallium Arsenide and gallium Phosphide materials, Tietjen 

envisioned a concept of flat panel televisions based on blue, green and red LEDs 

that will replace the cathode ray tube television technology. Hence, Tietjen 

started looking for candidate materials that can produce blue LED. Because of 

the position of the gallium and nitrogen in the periodic table, Tietjen concluded 

that gallium nitride will have high bonding strength and hence will be a wide 

band gap semiconductor that emits in the blue light range. Alloying gallium 

nitride with aluminum  and indium spans even a wider range of emissions from 

near infrared range to deep ultraviolet range. III-nitrides are direct bandgap 

materials, they have strong chemical bonds, high thermal stability and are 

physically robust against current stress and defect generation and propagation. 

So, they are excellent candidates for the optoelectronic devices’ applications. 

In heteroepitaxial growth using MOCVD, the choice of substrate is critical. 

Various properties of the substrate have to be examined to choose the appropriate 
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substrate. The substrate should have the same crystal structure as the grown 

layer, and be stable both chemically and thermally at elevated growth 

temperatures and room temperature as well. Lattice and thermal mismatches 

normally result in macroscopic cracks, formation of interfacial misfit dislocation 

and high density of extended defects. Corrosivity and toxicity of substrates are 

also important factors especially at elevated temperature.  

Another important parameter is the substrate miscut, intuitively 

speaking, one can perceive that miscut reveals information about substrate 

stacking sequence for the adsorbed atoms. Adsorbed atoms on substrates with 

singular surface (i.e. miscut = 0º), have to rely on interactions with second or third 

neighbor atoms to get information about the stacking sequence. It is hard though 

to have substrates with exactly zero miscut due to manufacturing imprecision. In 

substrates with many alternate stacking layers such 6H-SiC with stacking 

sequence of ABCACB, correct stacking of adsorbed atoms could depend on 

interactions beyond the second or third neighbor, such interactions are typically 

weaker and may fail to provide adequate information on the correct stacking 

sequence. This effect immediately results in stacking faults, normally 

accompanied by formation of partial dislocations. This increases the density of 

extended defects that are harmful for optoelectronic devices. The substrate we 

used on most of the experiments described here is 1/2’’ 6H-SiC from SiCrystal AG. 

6H-SiC is a crystalline material with hexagonal lattice cell, similar to wurtzite 

aluminum nitride. SiC’s in-plane mismatch with wurtzite AlN is about 1%. 
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Substrates crystalline quality was examined by the average on-axis 006 rocking 

curve FWHM which was found to be 15 arcsec, and the average skew-symmetric 

203 rocking curve FWHM which was found to be 65 arcsec, which demonstrates 

the high crystal quality of the substrates. 

(a) Criteria for substrate choice 

Choosing the growth substrate is manifold question, first there has to be 

minimal mismatch between the substrates and the epi layers to ensure coherent 

growth. Second, the quality control of the supplier has to be carefully examined 

and vetted. The substrate ought to have 1) atomically flat surface (wafer bowing 

and crystallographic curvature  > 10 m) 2) well-defined steps, 3) controlled miscut 4) 

minimal impurities and 5) free of surface defects such as micropillars and 

polishing defects.  Commercial substrates differ in their crystal quality, impurity 

content, and surface finishing. In this project we have obtained SiC substrates 

from three different commercial suppliers, although the SiC crystal quality was 

comparable between the three suppliers as verified by rocking curve XRD, there 

was considerable differences between the three suppliers in terms of impurity 

content and surface finishing. The difference in impurity content was readily 

noticeable by the drastic difference in the substrates color and overall appearance 

(transparent, green and black). The difference in surface finishing was apparent 

in AFM imaging as shown in Figure 2.3. Only one supplier (Cree) had SiC 
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substrates that is transparent with well-defined steps, thanks to the chemical 

mechanical polishing (CMP) process that yielded pristine atomically-flat surface 

with well-defined step terraces. The SiC substrates from the other two suppliers 

(green and black) exhibited rougher surface with random surface polishing marks 

and no well-defined step terraces can be observed. It was expected that the 

difference in SiC substrate quality would unquestionably lead to different growth 

outcomes. As expected, the transparent SiC substrate with well-defined steps and 

atomically-flat surface consistently produced higher quality epi films than the 

rough, nontransparent substrates.78 Therefore, it is essential to pay attention to 

these details as they are determinantal to the growth output quality and perhaps 

cannot be reversed by any growth optimization.  

 

 

SiCrystal Cree 

Figure 2.3: (a) AFM of mechanically-polished SiCrystal. (b) AFM of chemically and 

mechanically polished CREE substrate. 

 

For instance, it is known theoretically that the most important figure of 

merit in AlN/SiC heteroepitaxy, is the 1% lattice mismatch between the two AlN 
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and SiC. However, growing on rough SiC substrate (Figure 2.3a) with poorly-

controlled surface polishing process is essentially compromising this very 

advantageous property, and it is unlikely that optimizing the growth process 

would be sufficient to offset the defects generated by growing on defective surface. 

optimization of crystal quality on the smooth/transparent SiC substrate resulted 

in a significant improvement in the threading dislocation density (TDD) that was 

measured by plain view TEM to be 2x108/cm2, whereas extensive crystal quality 

optimization on the rough/nontransparent substrate only resulted in a mediocre 

improvement in the TDD ~ 8x108/cm2 also measured by plain view TEM. For 

additional analysis, the reader is advised to refer to Zollner et al (APL 2019) and 

Foronda et al (JCG 2018).78 for detailed discussion on this subject. 

(b) Buffer Layer AlN 

AlN is not available naturally, but it can be grown epitaxially in MOCVD, 

MBE or Atomic layer deposition (ALE). It is also synthesized as powder and bulk 

substrates. It has a high dielectric constant of 9, thermal conductivity of 200 

W/m.K and thermal expansion coefficient that closely matches the Silicon, GaN 

and GaAs. AlN oxidizes in ambient air and can develop aluminum  Oxide layer 

as thick as 10nm. AlN can be homoepitaxially grown on AlN substrates, but high 

quality AlN substrates are very expensive. Alternatively, it can be grown 

heteroepitaxially on foreign substrates, such as SiC or Sapphire. In our 
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experiments, we grew AlN thin films over SiC substrates. As discussed earlier, 

growing high quality AlN thin films using MOCVD, requires high temperature, 

stable boundary region and laminar flow of MOs and ammonia. 

 

Table 2-1: Wurtzite AlN properties. 

Thermal Conductivity 280 W/(m.K) at 300ºK [001] direction 

Thermal expansion coefficient 2.3 - 2.69  (x10-6 K-1 at 300ºK) 

Electrical Resistivity > 1013 Ω.cm 

Dielectric constant 9 

Density 3.26 g/cm3 

Bandgap 6.1 eV direct 

Space Group P63mc (or C4
6v in Schönflies notation) 

 

Pre-reaction of TMA and ammonia inside the reactor is known to degrade 

the quality of the thinfilm. Also, Al has a high affinity for oxygen, so oxygen 

concentration and other impurities have to be as low as possible. Several type of 

defects might involve the epitaxial growth and stress the thin films; bulk defects, 

planar defects, line defects and points defects are common in nitrides grown on 

foreign substrates, the stresses increase as the lattice and thermal mismatches 

increase. Stressed thin films relax elastically, plastically or by fracture, the 

resulting artefacts may affect the device performance. During nucleation of AlN 

on SiC, AlN is initially compressively strained and strain energy may be relieved 

by formation of misfit dislocation (MDs) which in turn give rise to threading 
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dislocations (TDs) upon MD propagation. Hence, TDs in heterogeneous epitaxial 

growth of nitrides are inevitable and hard to tackle using classical growth 

techniques. Bulk defects such as cracking are mainly driven by 1) thermal and 

stacking mismatches between AlN and SiC, that contributes to the accumulation 

of tensile strain and drives the associated stress relief mechanisms (i.e., stress 

relief by cracking), and 2) stress gradient induced by dislocation inclination. 

Three dimensional spiral features are also common in c-plane AlN. Planer defects 

such as stacking faults mostly occur at the nucleation layer. Line defects such as 

screw, edge and mixed dislocations originated from misfit dislocations MDs at 

film/substrate interface, they typically have high density in nitrides in order of 

1010 dislocation-line cm/cm3 (or cm-2). Dislocation density can be quantified by 

Atomic force microscopy (AFM) after defect selective etching process, but ideally 

characterized and analyzed using plain view TEM. Point defects such as 

vacancies, antisites and impurities are also common in MOCVD but are harder 

to characterize and measure. Impurities such as hydrogen, carbon and oxygen 

are particularly very common in MOCVD-grown nitrides and are quantified by 

SIMS. MOCVD suffer from a relatively high concentration of impurities because 

it relies on organometallic and ammonia gas that when decompose at high 

temperature, release hydrocarbons and H. Uncontrolled impurities, especially [C] 

> 1017 cm-3 , can completely passivate the electrical conductivity of p-type Al-rich 

AlGaN. Hydrogen in particular is famously known for the passivation of p-type 

GaN, causing a problem that have hindered the development of nitride-based 
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devices for years. Also, point defects may act as UV absorbents. Practically, there 

are currently no feasible means to completely eliminate extended and point 

defects, a good strategy is to keep the reactor clean and contain the dislocations 

within acceptable limit around low 108 /cm2. 

(c) Techniques to reduce dislocations 

In epitaxial growth, high density of crystal dislocations seriously degrades 

the electrical and optical properties of the crystal. The crystal quality is mainly 

determined by TDD. For instance, if the crystal is desired to be insulative, the 

presence of dislocations will make it leakier. If the crystal is desired to be highly 

conductive, the dislocations will make it more resistive. In epitaxial growth of 

(0001) wurtzite nitrides, dislocations typically exist in high densities. A 

dislocation is defined by a closure failure in a closed (Burgers) circuit,85 and can 

be represented by its dislocation line l; burgers vector b; angle between l and b 

vectors and the glide plane that is spanned by l and b. Dislocations that propagate 

with a component of the line direction l parallel to the growth directions are 

termed threading dislocations (TDs), whereas dislocations with line direction 

perpendicular to the growth direction are often termed misfit dislocations. It is 

important to realize a nucleation growth with the least possible TDs, because TDs 

can easily propagate into the epitaxial layers, whereas basal plane dislocations 

are less likely to proceed from substrate to the epitaxial layer.  
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Several dislocations reduction techniques have been proposed to tackle the 

high TDD in nitrides. These techniques can be grouped into three categories: the 

first method is optimizing the nucleation layer (NL); the second method is lateral 

epitaxial growth (LEO); and then finally post-growth high temperature annealing 

(HTA) method. All of these methods were experimentally demonstrated to 

achieve low TDD, but they differ in the action mechanism. Optimized NL method 

depend on minimizing the number of misfit dislocations at the interface and 

preserving the coherence of the epilayer.  LEO method is based on the blocking 

and restricting the vertical propagation of TDs. HTA depends on accelerating 

dislocations motion to stimulate dislocations interaction and annihilation.  In 

other words, if a dislocation is blocked, it will stop propagating vertically. If it is 

forced to incline, there is a possibility that it may intersect with another 

dislocation and annihilate each other. 

First, optimization of NL relies on minimizing the formation of MDs. MDs 

start to form spontaneously when the epilayer thickness exceeds the critical 

thickness. This method is only feasible when the lattice constant mismatch is 

minimal (GaN on Sapphire is a well-known exception to this rule), and the 

substrate is atomically flat. However, precise control of substrate surface may not 

be always attainable and can be costly, in such case, optimizing the NL may not 

be as effective. Atomically-flat morphology is needed because the MDs formation 

on the step terrace areas is much lower than step edges areas.78 So, rough surface 

will obscure the terrace area and this advantage will be nullified. Also, it is 
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important to maintain the growth coherency as the epi thickness increases, 

otherwise, plastic relaxation and cracking may occur. The optimization of NL has 

been demonstrated on smooth-surface SiC but not with sapphire or rough SiC 

substrates.78 

Second, LEO is a growth technique introduced to engineer the propagation 

of dislocations in such a way that annihilate them before reaching the LED layers. 

LEO is used in heteroepitaxial growth in which the epitaxial layer and substrate 

are mismatched in the in-plane lattice constant. A seed layer is first grown over 

the substrate, then, thin stripes of Silicon Dioxide (SiO2) mask is deposited over 

the seed layer and then selectively-etched to create  openings within the SiO2, 

where the seed layer is exposed for further growth. SiO2 stripes will force the 

material to grow through the openings and then grow laterally.  This technique 

has proved its capability to provide significant reduction in dislocations when 

compared to classical growth of epitaxial layer. The reason that LEO can reduce 

the dislocations is mainly attributed to the termination of propagating 

dislocations by SiO2 and the free surfaces. The threading dislocations that are 

generated in the underlying seed layer continue to propagate vertically, but not 

laterally. They are either terminated in the SiO2 stripes or continue to propagate 

vertically away from the lateral overgrowth regions. Either way, lateral 

overgrowth regions of low threading dislocation density will be formed. However, 

it is worth noting that the region above the openings will be heavily defected as 

the underlying dislocations will continue to propagate through it, whereas the 
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lateral overgrowth regions will have significantly lower dislocations. LEO 

technology has been used extensively to fabricate GaAs-based and GaN-based 

devices with higher crystalline quality and enhanced performance. Laser diodes 

(LDs), LEDs and photodetectors are examples of the devices that have been 

fabricated by LEO technology. On the other hand, LEO main drawback is that it 

has lower growth efficiency than the classical growth methods, it has lower 

growth rate and, hence, more expensive. Hence, formation of voids that act as 

dislocation filters has been suggested as an alternative solution to LEO stripes, 

and are expected to be less costly and less time-consuming as it eliminates the 

need for lithography and fabrication.86 Also, applying LEO with AlN is 

challenging because of the low lateral diffusivity of Al adatoms. 

Finally, high temperature annealing (or HTA), as the name suggest, uses 

high temperature T = (1600 ºC – 1700 ºC) annealing to induce large diffusion in 

AlN that stimulate the dislocation motion leading to an interaction and 

annihilation of dislocations. HTA is carried out ex-situ in special reactors with 

high temperature capability, which increase the overall cost. Also, HTA may need 

special annealing configuration to avoid AlN decomposition and cracking that are 

likely to occur when the AlN temperature exceeds 1400 ºC. Figure 2.4 summarizes 

the optimal TDD results obtained using these different methods, the TDDs 

obtained are comparable and sufficient for UV development, however, they 

differed in complexity, compatibility and cost and hence differ in feasibility. In 
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this project, SiC is used as a substrate and hence optimization of NL has been the 

standard method to minimize TDD and enhance the crystal quality. 

 

Figure 2.4: Comparison of the optimal TDD reported for different TDD reduction 

techniques (from refs 78, 87, 88, 86) 

(d) Impact of substrate miscut 

Growing AlGaN on SiC is fundamentally different than growing Sapphire, 

especially if the SiC is atomically flat and defect-free. The growth on SiC generate 

significantly less  screw-component threading dislocations than sapphire, even if 

the total TDD is high, the pure screw component is typically 1% (see Foronda et 

al JCG 2018). This implies that the AlGaN smoothness will not be limited by 

growth steps mediated by screw dislocations—a major advantage that lift a 

significant constraint on the surface smoothness.89 The growth morphology in 
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this case will only depend on the growth condition and substrate miscut. One of 

the early experiments done upon receiving the SiC substrates, was to study the 

impact of substrate miscut on the materials crystal quality. In c-plane SiC, the 

miscut angle is defined as the angle between the surface normal and the c -

direction. It is known that the substrate miscut can significantly influence the 

quality of the epi layers by perturbing the adatom stacking and carrier 

dynamics.90 In sapphire substrates, for instance, the output power of UV LED 

has been shown to increase by 20% when the miscut angle increased from 0.3º to 

1º.91 It has been suggested that the slight increase in the miscut angle contributes 

to less misfit dislocations at the interface, because this slight misorientation (i.e. 

1º) is revealing more information about the substrate stacking sequence than 

singular substrates (i.e. with zero miscut angle). Hence, less stacking faults 

probability and higher crystal quality. The optimal miscut angle depends on the 

type of substrate, epi material and miscut direction. 

The effect of SiC substrate miscut has been investigated, by measuring the 

(102) FWHM and surface smoothness as a function of the SiC miscut. The miscut 

angle and direction has been determined by XRD following the alignment and 

measurement routine as described by Halliwell and Chua’s method.92 The test 

structure is 100 nm of 60% AlGaN on top of 700 nm of AlN grown on c-plane 6H-

SiC substrate. The range of miscut angles studied is from 0.1º to 1º. The (102) 

FWHM was selected as a metric because it is easily accessible and does not 

interfere with substrate peaks, and at the same time sensitive to the change in 
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total TDD. This study is summarized in Figure 2.5, we found no significant 

correlation between the 102 FWHM and substrate miscut in the range of study. 

The (102) FWHM was found to range between 400 arcsec to 600 arcsec, seemingly 

in a random fashion. Which suggests that the miscut angle is not the dominant 

limitation on crystal quality in this range. This result is particularly assuring 

because the substrates manufacturer was not able to precisely control the miscut 

angle and had to resort to minimizing the miscut variation and keep it within 1º 

window. 

The surface morphology, however, seems to improve with reducing the 

miscut of the SiC substrate. The AlGaN film smoothness was enhanced when 

grown on SiC substrates with miscut < 0.2º as shown in Figure 2.6. All measured 

miscut were found to be inclined toward the a+m directions [i.e. 〈112̅0〉 + 〈11̅00〉 

directions, respectively) with seemingly random angles, confirming the random 

miscut nature during the manufacturing. For smooth films with well-defined step 

flow growth morphology, the miscut angle can be estimated by AFM step profile 

line measurement using simple trigonometry by recording the step edge height 

and the step terrace width, this method agrees very well with XRD miscut 

measurements, see for example Figure 2.6(a). 
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Figure 2.5: Variation of (102) FWHM of AlN as a function of the 6H-SiC miscut 

angle. 

 

Table 2-2: Properties of 6H-SiC substrate 

Polytype 6H-SiC 

Band Gap 3.03 eV 

Thermal conductivity  490 W/(m.K) at 300ºK [100] direction 

Thermal expansion coefficient  2.9 (x10-6 K-1 at 300ºK) 

Lattice parameters a= 3.071 Å               c=15.13 Å 

Diameter  50.8 +/- 0.38 mm 

Thickness 250 +/- 0.25 µm 

Resistivity 0.03 + 0.12 Ω.cm 

Wafer Orientation  0 + 0.5º 

Surface Epi-ready Si-face [0 0 1] 

Rocking curve of FWHM of (0 0 6) 14.7º 

Rocking curve FWHM of (2 0 3) 56º 
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(a) 0.1º offcut (b) 0.2º offcut 

  

(c) 0.25º offcut (d) 3º offcut 

 

100 nm Al0.6Ga0.4N 

 
800 nm AlN buffer 

 

 
6H-SiC substrates 

(variable offcut angles) 
 

 

(e) 1º offcut (f) structure 
Figure 2.6: 60% AlGaN surface morphology as a function of the 6H-SiC substrate 

miscut (miscut was measured by XRD using Halliwell and Chua’s method93). 
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(e) Spontaneous and piezoelectric polarization 

In each unit cell of wurtzite AlN, there are 2 Al atoms and 2 N atoms. Al 

and N atoms are arranged sequentially in ABABAB… stacking sequence, where 

A denotes the Al-atoms layer and B denotes N-atoms layer (or vice versa). 

Therefore, AlN is considered polar and has no inversion symmetry (i.e. +c-plane 

face is different than -c-plane face). The asymmetrical nature of these two parallel 

planes gives rise to interesting properties such as pyroelectricity and spontaneous 

polarization between the Al-layer and N-layer at zero strain. The spontaneous 

polarization of AlN is the largest among nitrides because it has the largest 

deviation from ideal c/a. Also, when AlN is grown heteroepitaxially on another 

lattice mismatched material, it experiences either a compressive or tensile biaxial 

stress depending on the net difference of the lattice and thermal mismatches. The 

resultant stress causes a piezoelectric polarization that may aide or weaken the 

spontaneous polarization, biaxial tensile stress adds to the spontaneous 

polarization whereas compressive biaxial stress weakens it. It is worth noting 

that the spontaneous component of polarization is a result of the polar covalent 

bonding between the cations and anions as well as the asymmetrical layer 

stacking. In general, a crystal with a symmetry point group 14  6mm will 

experience a spontaneous polarization due to the lack of inversion symmetry.94 

 

 
14 Out of the 32 point groups, spontaneous polarization is theoretically expected be present in 10 polar point 

groups (1, 2, 3, 4, 6, m, mm2, 3m, 4mm, 6mm) and to vanish in all 11 centrosymmetric point groups.94 
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In cubic III-N materials, the spontaneous polarization is absent because of higher 

lattice symmetry. Depending on the presence/absence of spontaneous 

polarization, c-plane (0001) in III-N is named as a polar plane and m-plane (11̅00) 

as a nonpolar plane, whereas the a-plane (112̅0) is termed a semi-polar plane.95 

Finally, the energy of spontaneous and piezoelectric polarizations can be usefully 

exploited to create two-dimensional hole gas (2DHG) or three-dimensional hole 

gas (3DHG).96 The major consequence of III-N polarization on the c-polar AlGaN 

UV LED operation is that it gives rise to quantum-confined Stark effect (QCSE), 

which weakens the overlap in wavefunctions between the electron and holes in 

the quantum wells. 

2.4 Characterization methods: 

Several useful tools are available to assess the AlGaN growth. In 

Particular, atomic force microscopy and x-ray diffraction, which are quick, 

nondestructive and does not require sample preparation, are immensely valuable 

in post-growth quality assessment. In addition to that, in-situ characterization 

methods such as dual-beam laser-based curvature and reflectivity monitors also 

have been used briefly. In this setting, Fabry-Perot oscillations is analyzed to 

measure the growth rate and the substrate radius of curvature in real-time. In 

this section, the tools that have been frequently used will be briefly reviewed. 
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(a) Atomic Force microscopy: 

Atomic Force microscopy was used to characterize the surface quality of 

the samples and LEDs, it was also used to quantify the surface defects and steps 

terraces width and step edge heights. The AFM used is Asylum Research MFP-

3D mostly used in the non-contact tapping mode. The AFM micrographs provide 

local roughness statistics and morphology scanning. The sample surface is 

scanned by sharp tip anchored by a flexible cantilever. A laser beam and a 

photodiode detector recorded the cantilever amplitude as a function of the tip 

lateral movement and reconstruct a 2D and 3D visualization graph of the surface. 

Major advantages of AFM scanning are that it is carried out in ambient without 

the need for sample preparation and exhibit high spatial resolution in the vertical 

direction. Therefore, it has been extensively used in the morphological 

optimization of the n-AlGaN layer and the active region to ensure highly smooth 

surfaces. 

(b) Secondary Ion Mass Spectrometry 

Secondary Ion Mass Spectrometry (SIMS) is used to quantify the elemental 

concentration in the thinfilms. SIMS depend on bombarding the film surface with 

high-energy primary ions to expel (sputter) secondary ions. The yield of secondary 

ions is then analyzed to quantify the concentration of elements in the film.  In 
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AlGaN, SIMS detection limit is about 1016 /cm3 and it depends on the relative 

sensitivity factor (RSF) and the noise level. RSF, as the name implies, is a 

measure of the relative ionization yield to the absolute crystal lattice density. 

Only a fraction of the sputter yield is actually ionized in SIMS, so to be able to 

relate the limited sputter yield to the total film composition and to preserve the 

stoichiometry of the film, a pre-calibrated parameter is needed to account for the 

imbalance, hence, every element has a unique RFS value, yet this RSF will also 

vary from chemical matrix to chemical matrix (i.e. RSF of silicon in GaN is not 

equal to RSF of silicon in AlN). SIMS is popular analytical tool because it is able 

to detect all elements, though with varying complexity.97 The SIMS used in this 

project is Cameca IMS 7f Auto SIMS which is a dynamic SIMS equipped with 

magnetic sector for dynamic scanning and depth profiling of the thinfilms. 

Cesium, which the largest and most electropositive atom, was used as a source 

for the highly focused primary ion beam to maximize the ionization yield of the 

otherwise hard AlGaN surface. The incident beam energy is fixed at 15 kV also 

to further maximize the ionization yield. Silicon concentration measurements 

were performed using high mass resolving power to distinguish between the mass 

spectral peaks of silicon (28Si), molecular nitrogen (28N2) and [27Al-1H] complexes 

that are narrowly spaced in the mass spectrum. AlGaN composition cannot be 

reliably measured by SIMS and has to be cross-correlated with XRD 

measurements to realize accurate quantification of elements. And still, elemental 
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concentration given by SIMS has quite high dispersion that should be taken into 

account when quoting SIMS concentration figures.  

(c) X-ray diffraction 

AlGaN development process relies heavily on X-ray diffraction (XRD). XRD 

is powerful tool that can be operated in different configurations to measure 

different aspects of AlGaN. Throughout this project, XRD has been used 

predominantly to quantify the crystal quality and estimated the AlGaN 

composition. XRD in double axis configuration was used measure the peak width 

of the (002) and the (102) as well as (201) reflections, in (hkl) notation, where 

rocking curve measurements of asymmetric (102) peak width is the standard 

method to characterize the dislocation density of III-N thinfilms.18 Peak widths 

of these reflections are correlated with the density of edge, screw and mixed 

dislocations according to the visibility criteria g.b product where g is the 

diffraction vector of the plane and b is the burger vector of the dislocation. The 

dislocation is invisible in XRD if the product g.b is zero. In addition to crystal 

quality, XRD in the reciprocal space map (RSM) configuration was extensively 

used to estimate the AlGaN composition and degree of relaxation. The RSM 

techniques relies on the peak separation between AlN and AlGaN peaks as a 

measure of the AlGaN composition that is, the larger the separation the less the 

aluminum composition. The degree of relaxation is measured by the separation 
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of AlGaN and AlN peaks projected onto the Qxy coordinates which is normally 

plotted as the abscissa in RSM plots. Aside from measuring crystal quality and 

alloy composition, XRD was also used to measure the substrate miscut angle as 

well as the initial curvature of the substrates as discussed earlier. Copper anode 

excited with an accelerating voltage of 45 kV and x-ray tube current of 40 mA was 

used as the X-rays source; exciting the characteristic radiation of copper (also 

called Bremsstrahlung radiation). Characteristic radiation line Kα1 is then 

filtered by x-ray single crystal optics to produce high resolution monochromatic 

Cu-Kα1 radiation line with wavelength λ = 1.54056 Å (HRXRD). The diffracted x-

rays are then measured by a detector such that the intensity of the diffracted x-

rays is a function of the electron density of material and the net summation of 

the all diffracted x-rays that may add or cancel each other (i.e. hkl structure 

factor). In all XRD experiments performed in this work, the diffraction of the x-

rays was assumed to be purely elastic (Thomson scattering) where no energy loss 

take place, only momentum transfer. 

(d) X-ray reflectometry 

X-ray reflectometry (XRR) is similar to HRXRD in x-rays generation 

mechanism, but unlike HRXRD, XRR is useful with non-crystalline materials as 

well, because it is only sensitive to the discontinuity of the electron density in the 

surface-normal direction. So, it is a valuable tool to study the heterointerface 
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abruptness and smoothness on a large scale, significantly larger than the 

scanning area of AFM for instance. Therefore, XRR was heavily used in 

multiquantum well (MQW) optimization process where the heterointerface 

abruptness is of critical importance. XRR scan is carried out in θ - 2θ geometry at 

very low incidence angles (often called glazing incidence) less than 5o. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7: Example of XRR measurement (blue line)t and fitting result (red line) 

showing the growth structure. 

 

XRR typically require higher intensity beam and higher sensitivity 

detector than HRXRD to monitor the reflected beam which fades rapidly as the 

incident angle is increased. In principle,  fitting of XRR signal could provide 

information about the AlGaN thickness and composition as well as texture, 

however, since Poisson response and bowing of AlGaN are not accurately known, 

XRR is not an ideal tool for these measurements, but at the same time excellent 

tool to evaluate the abruptness of the heterointerface nondestructively, and much 

20 nm Al0.8Ga0.2N 

1 µm AlN 

SiC 
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faster than the more advanced yet destructive tools such as TEM, STEM or atom 

probe tomography (APT). 

(e) X-ray photoelectron spectroscopy 

X-ray Photoelectron Spectroscopy (XPS) is surface analysis tool developed 

by Kai Siegbahn. 15  Ideally, it can be used for quantification of elemental 

concentration of the surface. However, RSM and XRD are more reliable in 

composition measurements than XPS. The XPS system used in this project is 

ThermoFisher Escalab Xi+ which is an angle-resolved XPS and can be configured 

to operate in different modes such as UPS mode (ultraviolet photoelectron 

spectroscopy) and ISS mode (Ion scattering spectroscopy). The X-ray source is 

aluminum anode (Al- Kα radiation, E = 1486.6 eV). The XPS was mainly used to 

probe the n-AlGaN samples in an effort to investigate how the formation of ohmic 

contact correlate with the elemental composition of the surface, bearing in mind 

that there may be significant inaccuracy in AlGaN composition measurement. 

The information depth of XPS is in the order of 10nm and thus it is useful 

for surface analysis. The material surface is irradiated – under vacuum - by 

monoenergetic x-rays, which cause electrons excitation and – by photoelectric 

effect – generate an outward emission of photoelectrons. The generated 

 

 
15 Kai Siegbahn was awarded Nobel prize in physics in 1981 for inventing XPS technique. 
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photoelectrons undergo a series of mostly inelastic collisions before emerging out 

of the material. Electrons inelastic mean free path (IMFP) denoted 𝜆𝑖  is the 

important quantity in XPS and it is a function of the photoelectron kinetic energy 

and the type of material. 𝜆𝑖 in solids is typically short and ranges between 1 nm 

to 3.5 nm, therefore, only the top monolayers contribute to the photoelectron 

beam, hence, the shallow information depth of XPS which is roughly equal to 3𝜆𝑖. 

Of course, not just photoelectrons are what get generated, auger electrons and X-

ray fluorescence emissions get simultaneously activated, but both are beyond our 

scope here. So, the kinetic energy (KE) of the emitted photoelectron can be 

determined as function of the photon excitation energy (hv) and the binding 

energy (BE) using the following formula: 

𝑲𝑬 = 𝒉𝒗 − 𝑩𝑬 −  𝚽𝒔𝒂𝒎𝒑𝒍𝒆 − (𝚽𝒔𝒑𝒆𝒄 − 𝚽𝒔𝒂𝒎𝒑𝒍𝒆) =  𝒉𝒗 − 𝑩𝑬 − 𝚽𝒔𝒑𝒆𝒄  

where 𝚽𝒔𝒑𝒆𝒄  and 𝚽𝒔𝒂𝒎𝒑𝒍𝒆 are the work functions of the spectrometer and 

the sample, respectively. Both the sample and the spectrometer have equi-fermi 

level reference (i.e. have common grounding point), therefore, 𝚽𝒔𝒂𝒎𝒑𝒍𝒆 is cancelled 

out of the equation.  BE is referenced to Fermi level, or in other words, fermi level 

corresponds – by definition – to zero binding energy. The XPS output spectrum 

plots the number of emitted electrons (peaks) in the ordinate per each binding 

energy point in the abscissa. Each element has a unique XPS spectrum, and 

hence, peak indexing and identification can be used to qualitatively evaluate the 

chemical composition of the sample surface. Obtaining accurate quantitative 
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measurements is compromised by the unknown dispersion of the 𝜆𝑖 value as well 

as the cross-talk interference between the different elements. 98 

 

(f) XRR v.s. 𝝎-𝟐𝜽  XRD for AlGaN 

heterointerface characterization: 

Heterointerface quality can be quantitatively evaluated by advanced 

electron microscopy, however, the sample preparation and lead times are 

undesirable for rapid growth optimization. In contrast, XRR is a nondestructive 

tool that does not require sample preparation and has been widely used to analyze 

buried layers and interfaces. XRR fringes is only sensitive to discontinuities in 

electron density in the surface-normal direction, and useful for evaluating the 

abruptness of MQW interfaces.99 In theory, modeling and fitting of the XRR 

fringes can reveal more quantitative information about the sample. The 

oscillation decay rate, amplitude and periodicity can be linked to the smoothness, 

composition and thickness of the film, respectively, as have been extensively 

formulated in the dedicated monographs.100–102 However, in AlGaN case, 

uncertainties in lattice constants bowing and Poisson response may lead to 

erroneous estimations. Therefore, we focused solely on qualitative evaluation of 

the heterointerface abruptness by inspection of fringe amplitude. 
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In principle, symmetric 𝜔 - 2𝜃   XRD is also sensitive to the interface 

abruptness and is routinely used in InGaN/GaN characterization. Practically 

however, Al-rich AlGaN/AlN are low atomic number (Z) materials (about 50% less 

than InGaN/GaN) with poor Z-contrast. The weak electron density contrast 

between AlN and Al-rich AlGaN make it harder to distinctively resolve the 

interfaces in XRD without sophisticated alignment and detection.103 Also, 𝜔-2𝜃 

XRD needs to satisfy Bragg condition at certain hkl diffraction, and the reflected 

intensity is therefore limited by the structure factor of that hkl peak, and likely 

convoluted with unnecessary lateral inhomogeneity and interference from the 

substrate. Whereas XRR relays on a non-Bragg grazing specular reflection  with 

a critical angle of about 0.6º and a fall-off rate ~ 𝜃−4  according to the law of 

Fresnel reflection.104 Hence, XRR intensity is very sensitive to the near-surface 

interfaces, independent of crystal orientation105, insensitive to dislocations and 

lateral contrast in electron density106, and sustain minimal substrate interference 

at grazing incidence. Therefore, it is a valuable tool for probing near-surface 

buried interfaces with low Z contrast and is expected to provide higher interface 

resolving power than the conventional 𝜔-2𝜃 XRD, especially in systems such as 

AlGaN/AlN/SiC where many diffraction peaks overlap in angle space.107 
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2.5 Analysis of AlGaN composition:  

In UV LED device, the trinary alloy AlGaN is found in various 

compositions in the device structure, it is essential for a streamlined device 

optimization process to set up a standard and quick method for determination of 

composition and relaxation. Reciprocal space mapping (RSM) is a technique that 

is based on HRXRD and is commonly used to estimate the composition and 

relaxation of the different AlGaN layers. As the name suggests, RSM scans the 

reciprocal space of the AlGaN crystal, revealing information about the materials 

comprised the device structure and peak separation between the AlGaN peak and 

AlN peak as well as the SiC substrate peak92. Our method is based on three 

assumptions following the treatment of Kidd108 : 1) AlGaN obeys Vegard’s law for 

lattice constants, 2) linear strain change and equi-biaxial stress ( σxx = σyy and Ɛxx 

= Ɛyy)16 and no out of plane stress (σzz = 0), and, 3) shear stresses 𝜏𝑥𝑦 = 𝜏𝑦𝑥 = 𝜏𝑥𝑧 =

𝜏𝑧𝑥 = 𝜏𝑦𝑧 = 𝜏𝑧𝑦 = 0, as well as shear strains 𝜀𝑧𝑦, 𝜀𝑧𝑥 and  𝜀𝑥𝑦, which is a reasonable 

assumption for thin epitaxial layers with flat interface over long range (i.e. no 

curvature). We shall show that these assumptions greatly simplify the 

composition and relaxation calculations with tolerable error rate17. The method 

uses the lattice constants and elastic stiffness constants C13  and C33 of the AlGaN 

 

 
16 Wurtzite AlGaN is an alloy of (anisotropic) AlN and (wurtzite) GaN, so isotropic stress may 

not result in isotropic strain197. 
17 This approach applies for [0001]-oriented AlGaN thin films and not for semipolar and 

nonpolar AlGaN thinfilms which require different expressions for the strain in terms of stiffness 

constants. 
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binary ends which are AlN and GaN (note that C23 and C13 are identical for c - 

polar AlGaN). The parameters used in this method is enlisted in Table 2.3. We 

obtain the reciprocal lattice constants; the in-plane Qxy and out-of-plane Qz 

directly from RSM scan (see Figure 2.8b) and they are related to the physical 

peak position (𝜔, 2𝜃) by the following formulas: 

𝑄𝑥𝑦 =
cos(𝜔) − cos (2𝜃 − 𝜔)

2
 

(1) 

𝑄𝑧 =
sin(𝜔) + sin (2𝜃 − 𝜔)

2
 

(2) 

We normally choose to do the RSM in the (105) asymmetric reflection 

because it is a strong reflection and provide sufficient separation between AlN, 

AlGaN, GaN and SiC peaks. Now since we assumed Vegard’s law is applicable, 

the physical lattice constants of AlGaN can be simply extrapolated from the well-

known unstrained/bulk lattice constants of AlN (a = 3.112 A and c = 4.982 A), 

such as: 

𝑎𝐴𝑙𝐺𝑎𝑁
𝑠  =  

𝑄𝑥𝑦𝐴𝑙𝑁

𝑄𝑥𝑦𝐴𝑙𝐺𝑎𝑁

 𝑥 3.112 
(3) 

And similarly: 

𝑐𝐴𝑙𝐺𝑎𝑁
𝑠  =  

𝑄𝑧𝐴𝑙𝑁

𝑄𝑧𝐴𝑙𝐺𝑎𝑁

 𝑥 4.982 
(4) 

Where 𝑎𝐴𝑙𝐺𝑎𝑁
𝑠  and 𝑐𝐴𝑙𝐺𝑎𝑁

𝑠  are the lattice constants for the strained AlGaN 

layer From RSM, we can get a good estimate of the composition x just from the 

peak separation and lattice constants obtained by Vegard’s law. However, to 
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decouple the strain contribution to the AlGaN lattice constants from the 

composition contribution, we need to numerically solve for x knowing that: 

𝑐𝐴𝑙𝐺𝑎𝑁
𝑠  = 𝑐𝐴𝑙𝐺𝑎𝑁

𝑢 (𝜀𝑧𝑧 + 1) (5) 

 

Where 𝑐𝐴𝑙𝐺𝑎𝑁
𝑢  is the lattice constant c for unstrained AlGaN layer, 𝑐𝐴𝑙𝐺𝑎𝑁

𝑢  is 

obtained directly from Vegard’s law for any given composition ( 𝑥), and 𝜀𝑧𝑧  is 

calculated from: 

𝜀𝑧𝑧 =  −2
𝐶13𝐴𝑙𝐺𝑎𝑁 

𝐶33𝐴𝑙𝐺𝑎𝑁

 𝜀𝑥𝑥 
(6) 

Likewise, 𝐶13𝐴𝑙𝐺𝑎𝑁 and 𝐶33𝐴𝑙𝐺𝑎𝑁
 are extrapolated from Vegard’s law for any 

given (𝑥), by knowing the corresponding values of GaN and AlN listed in Table 

2.3. And 𝜀𝑥𝑥 can be also obtained by assuming initial composition (𝑥), such that: 

𝜀𝑥𝑥 =  
𝑎𝐴𝑙𝐺𝑎𝑁

𝑠

𝑎𝐴𝑙𝐺𝑎𝑁
𝑢 − 1 

(7) 

Where 𝑎𝐴𝑙𝐺𝑎𝑁
𝑠 is directly given from RSM (eq 3) and 𝑎𝐴𝑙𝐺𝑎𝑁

𝑢  is calculated 

directly from Vegard’s law assuming initial composition (𝑥) such that: 

𝑎𝐴𝑙𝐺𝑎𝑁
𝑢 =  𝑥 𝑎𝐴𝑙𝑁 + (1 − 𝑥)  𝑎𝐺𝑎𝑁 (8) 

And similarly, for 𝑎𝐴𝑙𝐺𝑎𝑁
𝑢 , 𝐶13𝐴𝑙𝐺𝑎𝑁 and 𝐶33𝐴𝑙𝐺𝑎𝑁

 they are extrapolated by 

Vegard’s law for any given composition using the values given in Table 2.3, and 

fed back into Eqs (5 – 7) in an iterative manner until 𝑐𝐴𝑙𝐺𝑎𝑁
𝑢  from Vegard’s law for 

given composition ( 𝑥)  is equal to the 𝑐𝐴𝑙𝐺𝑎𝑁
𝑠  value obtained from RSM. This 

numerical solution provides good estimation about the composition as well as the 
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degree of relaxation of the AlGaN layer, and more importantly a quick way to get 

the composition of the AlGaN with reasonable accuracy.  

Table 2-3: Lattice constants “a” and “c” and elastic stiffness constants for wurtzite 

AlN, GaN 109, 6H-SiC and 4H-SiC 110. 

 a (Å) c (Å) C13 stiffness constant C33 stiffness constant 

AlN 3.112 4.982 108 Gpa 373 Gpa 

GaN 3.189 5.185 106 Gpa 398 Gpa 

6H-SiC 3.082 15.078 52  Gpa 553 Gpa 

4H-SiC 3.082 10.052 52  Gpa 547 Gpa 



 

 89 

 

(a) 

 

(b) 

Figure 2.8: (a) Cross-correlation between CL and RSM data used to estimate the 

effective bowing parameter of AlGaN (CL data was collected by Humberto 

Foronda). (b) sample  of RSM scan and analysis for AlGaN/AlN/SiC structure. 
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Development of UVC LED typically involves growing various AlGaN 

compositions. For instance, the active region is grown at ~ 40 AlGaN; the n-

AlGaN at ~65% AlGaN and the electrons blocking layer (EBL) at > 80% AlGaN. 

So, charting the AlGaN growth space and studying the composition/wavelength 

relationship is imperative. Therefore, both RSM and CL were simultaneously 

used to analyze the AlGaN composition. Figure 2.9 shows the cross-correlation 

result between RSM and CL data points. These data points were then fit using 

quadratic regression analysis to model a quadratic bandgap formula 𝐸𝑔
𝐴𝑙𝐺𝑎𝑁(𝑥) =

(1 − 𝑥)𝐸𝑔
𝐺𝑎𝑁 + 𝑥𝐸𝑔

𝐴𝑙𝑁 − 𝑏𝑒𝑓𝑓𝑥(1 − 𝑥) which is commonly used for ternary alloys,111 

where x denotes the AlN molar fraction of AlGaN. The effective bowing parameter 

beff can be then computed using the bandgap values of  𝐸𝑔
𝐺𝑎𝑁and 𝐸𝑔

𝐴𝑙𝑁 at RT. We 

determined the bowing parameter of our AlGaN material to be beff = +0.8 ± 0.2 eV 

as derived from the quadratic regression fitting formula assuming 𝐸𝑔
𝐴𝑙𝑁= 6.2 eV 

and 𝐸𝑔
𝐺𝑎𝑁 = 3.44 eV at 300 ºK. beff uncertainty is partially due to the lack of 

consensus on the exact bandgap figures of AlN at 300 K. It is noteworthy that the 

reported AlGaN bowing parameter varies widely in the literature from -0.8 eV to 

+ 2.6 eV,111 but a value of +0.7 eV is generally recommended.109  

Despite the uncertainty, the positive curvature of the bowing parameter is 

clear as shown in Figure 2.8a. This method of composition estimation revealed 

the AlGaN composition needed to target the 280 nm emission is around ~ 46% 

(not accounting for the quantum confinement effect). On top of RSM/CL 
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composition calibration, the LED wavelength can be further fine-tuned by PL and 

EL ensuring precise control of the LED output wavelength. 
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Chapter 3: Optimization of 

AlGaN growth 

3.1 Kinetics of AlGaN growth 

Understanding AlGaN growth kinetics is essential to control the 

structural, optical and electrical properties of the AlGaN layers. In deep UV LED 

(λ ~ 280 nm). Al-rich AlGaN layers are used in the n- and p-layers, while Ga-rich 

AlGaN is used in the active region. The dissimilar kinetical nature between the 

gallium atom and the aluminum  atom played a central role in determining the 

how high aluminum  content AlGaN is grown. AlGaN is typically grown at higher 

temperatures (T) than GaN and other conventional III-V compounds, primarily 

to increase the Al adatom mobility. Growing at higher T promotes near-

equilibrium growth and generally favors smoother surfaces,112 and lowers 
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impurity uptake, but also increases the adatom kinetics and diffusivity. Al and 

Ga adatoms compete for the same group III sites, but they are dissimilar 

thermodynamically (i.e. vapor partial pressure and bonds strength) and 

kinetically (sticking coefficient and diffusivity), which narrows the optimal 

growth window that accommodate both adatoms. As a rule of thumb, the growth 

temperature of AlGaN shall be sufficiently high to facilitate both the surface 

diffusion and ammonia cracking, but at the same time low enough not to trigger 

unwanted thermal etching, diffusion or stress. To ensure smooth AlGaN surface 

growth, high T is typically used. The growth driving force is inversely 

proportional to the T, therefore, the growth driving force is limited by the high T 

and the result is that AlGaN MOCVD growth occurs in near equilibrium 

condition. Because Al and Ga vapors are dissimilar and differ in the 

supersaturation behavior, Al supersaturation is significantly higher than the Ga 

supersaturation. This implies that the AlGaN growth rate will be largely 

controlled by the Al supersaturation whereas the composition is largely controlled 

by the Ga supersaturation.75 

In chapters 3 and 4, we present our findings on how the growth 

temperature affects the UV LED structurally, electrically and optically, 

ultimately determining the overall efficiency. The impact of T on the crack 

elimination, electrical conductivity, heterointerface quality and optical emission 

of AlGaN MQWs, has been explored and found to have determinantal effect on 

the overall efficiency of the UV LED. 
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In this chapter, we are going to establish the basic relationships between 

the different variables involved in the MOCVD growth of AlGaN. There are key 

differences between MOCVD growth of GaN and AlGaN alloy that need be 

highlighted before we further discuss the AlGaN MOCVD heteroepitaxy. Chiefly 

among them is the low diffusivity and high sticking coefficient of aluminum 

adatoms, AlGaN is typically grown at higher T than GaN and InGaN, which is 

typically grown at < 1100 ºC. Another major difference between AlGaN and GaN 

growth is the growth pressure, low growth pressure increases the adatoms 

velocity and surface mobility, and thus suppress any possible pre-reactions 

between ammonia and Al. Although low growth pressure increases the desorption 

rate of gallium adatoms (and carbon uptake), the desorbed adatoms can always 

be compensated by flowing more TMG which will eventually reduce the growth 

efficiency, but this inefficiency can be tolerated for the sake of smoother surface 

and increased repeatability.  

Another important factor is the incorporation of impurities which need to 

be minimized, it has been shown that there is strong correlation between carbon 

concentration and all the major growth variables such as growth temperature, 

pressure and growth rate. That is, the carbon uptake is minimized at lower 

growth rate, higher temperatures and higher pressure.113 Therefore, all AlGaN 

growth experiments throughout this project was grown at a pressure of 150 torr 

(equivalent to 20 kPa), which seems low and carbon-tolerant but there is a 

tradeoff between the [C] and the Al surface mobility, so 150 torr seems like a 
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reasonable choice. In contrast, the higher the growth temperature, the lower the 

carbon concentration. Figure 3.1 summarizes the AlGaN calibration experiments 

performed at different growth temperatures ranging from 900 °C to 1175 °C, it 

shows the necessary TMG flow required to target 65% AlGaN at different 

temperatures while keeping the TMA fixed at 10 sccm. It was found that the trend 

roughly follows an exponential curve, phenomenologically motivated by a 

desorption-limited growth regime assumption and inferring that the growth rate 

is mostly controlled by TMA flow. Beyond certain temperature point > 1200 ºC, 

Ga desorption rate outpace the Ga incorporation rate and no control on AlGaN 

composition can be reliably maintained by TMG flow rate, practically setting an 

upper limit on the growth temperature range of AlGaN. As T is reduced, 

incorporation of carbon and oxygen impurities was monitored to realize a low-

impurity growth window. On one hand, it was expected to see carbon 

incorporation decreases as the growth temperature is increased due to the 

decomposition of the carbon-containing reaction byproducts at higher 

temperatures. On the other hand, oxygen concentrations were insensitive to the 

growth temperature in the range 900 °C to 1175 °C, which may be attributed to 

the low water vapor content in precursors, chamber and carrier gas. Increasing 

the growth rate is expected to increase the growth efficiency and simultaneously 

increase the impurity uptake, therefore the growth rate was kept at 1 A/s or less, 

to minimize the impurity uptake and realize smooth morphology even though it 

comes at the expense of growth efficiency. 
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Figure 3.1: Dependence of [C], [O] concentrations and TMG flow on the growth 

temperature of 65% AlGaN grown at a GR of 1 A/s and growth pressure of 20 kPa. 

 

Ammonia, on the other hand, is known to influence the surface 

morphology. Generally speaking, higher ammonia flow yields higher surface 

roughness and vice versa. This is evident from the AFM micrographs shown in 

Figure 3.2. In this experiment, 150 nm-thick AlGaN was grown on top of a 350 

nm-thick AlN buffer layer on SiC substrate. For the AlGaN layer, TMA was fixed 

to 10 sccm and TMG to 90 sccm, while the ammonia flow was varied between 2, 

2.5 and 3 SLM. 
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AlGaN with Ammonia = 2 SLM AlGaN with Ammonia = 2.5 SLM 

 

150 nm-thick AlGaN 

T= 1250 ºC 

350 nm-thick AlN 

6H-SiC substrate 

 

Structure AlGaN with Ammonia = 3 SLM 

Figure 3.2: Ammonia flow impact on the surface, increased ammonia flow generally 

leads to rougher surfaces. 

 

We observed monotonic increase in the AlGaN film roughness with 

increasing ammonia flow, which may be attributed to the increased concentration 

of N atoms on the surface that shorten the surface diffusion length of both gallium 

and aluminum, which will eventually lead to increased surface roughness 

because of the decreased diffusion length (aka migration length). 114  
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In addition to increased roughness, we observed an impact of ammonia 

flow on the AlGaN stoichiometric ratio. Increasing ammonia flow progressively 

increased the gallium incorporation, for instance, the Al molar fraction deceased 

from 68% (NH3 = 2 SLM) to 60% ( NH3 = 2.5 SLM) and eventually to 49% (NH3 

= 3 SLM) as shown in Figure 3.3. The increase in Ga molar fraction can be as 

well attributed to the increased nitrogen adatoms that bond faster with gallium 

and suppressing their desorption.

 

Figure 3.3: influence of ammonia flow on surface roughness and Al molar fraction. 

 

 In this experiment, AlGaN growth temperature was fixed at 1250 ºC, 

which is the thermocouple temperature. It is assumed that there is about 20 ºC 
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temperature offset between the growth surface temperature and the 

thermocouple temperature. Considering the TMA (10 sccm) and TMG (90 sccm) 

flows at this high temperature, It can be readily shown that the growth efficiency 

is low < 10%,  calculated by comparing the Ga and Al molar fractions in the gas 

phase to the molar fractions in the solid phase. The molar flow rate was calculated 

using the empirical vapor pressure formula that determine the metalorganic 

(MO) vapor pressure at certain bubbler temperature such as: 

Log10[P] (torr) = B - A/T(K) 

Where P is the vapor pressure of the MO (TMG or TMA), T is the bubbler 

temperature in K. A and B are given empirical values, for TMG (A = 1703, B = 

8.07) and for TMA (A = 2134.83, B = 8.224). The MO vapor pressure is 

independent of the MO flow rate and only depend on the bubbler temperature.  

TMG and TMA are bubbled by hydrogen gas to increase the bubbler output 

efficiency, so, not all of the MO injection flow is actual MO flow, most of it is 

actually H2 flow. To estimate the effective MO flow out of the gross bubbler flow, 

we assume that the MO and hydrogen mixture act as an ideal gas mixture and 

that ideal gas low is applicable. Assuming the bubbled MO gas act as an ideal 

gas18, the MO partial pressure can be then used to estimate the effective MO flow 

out of the total bubbler flow such that effective MO flow (sccm) = MO injection 

flow (sccm) x MO vapor pressure (torr)/ Bubbler pressure (torr). Which then can 

 

 
18 For ideal gas, the total pressure of the gas is the sum of partial pressure of each constituent gases. 

Also, 1 gram-molecule, or mole, of ideal gas occupies a volume of 22.4 L (22414 cm3) at standard temperature 

and pressure (0 ºC and 1 atm).  
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be simply divided by the ideal gas molar volume (22400 cm3) to estimate the MO 

molar flow rate. 

For TMG bubbler at T = 5 oC and P = 900 torr and TMA bubbler at T = 25 

oC and P = 900 torr, the TMG molar flow rate corresponds to 90 sccm is 395.26 

µmol/min. Similarly, the TMA molar flow rate corresponding to 10 sccm is 5.74 

µmol/min. By comparing the Ga and Al molar fractions in the gas phase 

calculated here and the solid phase as shown in Figure 3.1, we come to the main 

conclusion, most of the Ga adatoms actually desorb from the surface and that the 

Ga incorporation efficiency is substantially less than Al incorporation efficiency. 

Assuming that Al incorporation efficiency is 100%, we see that the Ga 

incorporation efficiency is in the range 0.5 % to 1.5 %. In this sense, gallium 

behavior in AlGaN growth is similar to indium behavior in InGaN growth where 

it desorbs rapidly from the surface. 

The Ga incorporation efficiency depends on several growth variables 

(temperature, pressure, gas flows, growth rates, chamber geometry, …), so 

reducing the growth temperature and increasing the growth rate will increase 

the Ga incorporation efficiency (sometimes up to 50%), but will have impact on 

the surface smoothness and impurity incorporation. Generally speaking, AlGaN 

MOCVD thin films typically grown at lower V/III ratio, lower growth rates and 

higher temperatures than GaN to seek smoother surfaces and less impurities.  
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3.2 AlGaN cracking  

Early works of AlGaN/AlN growth on SiC (starting 2000) have constantly 

reported on the cracking of AlGaN/AlN thin films when grown directly on SiC 

substrates.79 In-plane lattice constant of AlN (a = 3.11 Å) is larger than the in-

plane lattice constant of SiC (a = 3.08 Å), so the cracking of AlGaN/AlN when 

grown on SiC is rather surprising considering the compressive lattice mismatch. 

For years, the cracking was tentatively attributed to the mismatch in thermal 

expansion coefficient between AlGaN/AlN and SiC,79 which induce compressive 

biaxial stress upon heating and tensile biaxial stress during the cooling down 

step. Shortly after the beginning of this project, we have successfully obtained 

crack-free films with total thickness of ~0.5 µm. However, our films start to show 

cracks as the total film thickness exceed ~1 µm, which is extremely undesirable 

as it set an upper limit on the total thickness of the UV LED devices. Cracks are 

intolerable in UV LED devices as they are major current leakage paths, bypassing 

the active LED layers and rendering the LED utterly unfunctional. Also, 

developing lateral UV LED with total device thickness less than 1 micron is 

simply impractical. The buffer layer needed to realize an acceptable TDD would 

require minimum of 2 - 3 µm, in addition to the n-AlGaN layer needed to facilitate 

the lateral current conduction that would require at least half a micron.  

Therefore, one of the early key objectives was to find a method to eliminate the 

cracking in the films that are thicker than 1 µm. 
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The first approach that was used was to grow an AlGaN/AlN superlattice 

(SL) structure on top of the AlN buffer layer to act as a stress relief layer. 

However, this approach was unsuccessful. Changing the SL periods and layers 

thicknesses did not change the outcome. The second approach relies on the 

thermal etching of SiC, however, SiC only etched by with T > 1500 ºC and the 

reactor is only able to reach up to 1300 ºC, so the plan was focused on creating 

the best etching recipe that the MOCVD can achieve. Fortunately, a simple 

solution recipe was quickly discovered. We found that pre-treating the SiC 

substrates in-situ in H2/NH3 ambient at high temperatures T > 1250 ºC prior to 

the growth is very effective in eliminating the cracking. The cracking 

pretreatment solution is based on a simple idea, which is to create the strongest 

possible thermal backetching recipe that the reactor can achieve. The as-received 

6H-SiC substrate exhibited a poor surface quality with visible polishing marks 

and atomically-rough surface as shown in Figure 3.4c, the poor quality of the 6H-

SiC surface likely created surface diffusion barriers for adatoms and negated the 

biggest advantage of growing AlN on SiC which is the close lattice mismatch 

between the two compounds. Therefore, it was clear from the beginning that any 

potential solution for AlGaN cracking must deal with the poor SiC surface. So, 

the thermal backetching recipe included maximum temperatures of 1300 ºC, high 

ammonia flow and high H2 flow. H2 was used instead of N2 because it has higher 

thermal conductivity. H2 has greater thermal conductivity 𝑘 than N2 despite that 

both have comparable molar heat capacity, but because H2 is a lighter gas, it has 



 

 103 

higher average molecular velocity than N2 and eventually higher thermal 

conductivity.19 The cracking remedy recipe strongly depended on the ammonia 

and hydrogen flow and temperature.  

  

 

 
19Assuming Ideal gas behavior, and that temperature is transferred only by collisions between gas particles. 
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a b 

  

c d 

  

e f 
Figure 3.4: Microscopic images of AlN surface pretreated in in NH3/H2 mixture at (a) 

T = 1300 ºC and (b) T = 1000 ºC. (c) AFM image of an as received substrate (6H-

SiC SiCrystal) before annealing. (d) AFM image of the same substrate surface after 

annealing under H2/NH3 mixture at 1300 ºC. (e) cross-sectional SEM of sample 

annealed under H2/NH3 mixture at 1300 ºC. and (f) T = 1000 ºC. 
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A combination of high temperature and hydrogen only was ineffective in 

eliminating the cracking, proving that ammonia is playing a major role in this 

process. Likewise, pretreating the substrate in H2/NH3 at temperatures lower 

than T < 1200 oC was insufficient for eliminating the cracks. Surprisingly, AFM 

of post-treated SiC did not show the smoothening effect that was expected, and 

the SiC surface remained atomically-rough before and after the H2/NH3 

treatment which indicates that the cracking mitigation mechanism does not 

depend on the smoothness of the substrate. So far, the exact mechanism for 

cracking mitigation remains elusive. A possible explanation could be that the 

H2/NH3 pretreatment is more effective in removing the native oxide and, as a 

result, reduces the density of early stage 3D AlN islands (Volmer-Weber 

growth).115 Eventually leading to less tensile stress generated from the island 

coalescence and dislocation inclination. 

With that being said, the H2/NH3 treatment worked even better on 

substrates with atomically-flat surfaces and resulted in low dislocation density of 

2 x 108 /cm2 and reduced residual tension by altering the AlN stress state from 

tensile to compressive, as was confirmed experimentally by in-situ reflectometry. 

The reader is referred to Zollner et al 78 for detailed discussion and analysis. By 

deploying this technique, we were able to grow AlGaN films as thick as 5 µm, 

substantially increasing the AlGaN critical thickness fivefold and securing a 

much-needed working range for the UV LED optimization process. on SiC Despite 

that the actual action mechanism is still not precisely known, this technique was 
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found to be robust from run to run, and effective on SiC substrates of different 

polytypes (4H and 6H) from three different vendors (SiCrystal, MSE and CREE) 

and has worked effectively on two different MOCVD systems. A 5 µm-thick crack-

free AlGaN is among the highest reported in the literature for AlGaN/SiC 

heteroepitaxy.116 

However, due to the non-optimized nature of this technique, cracked films 

will occasionally come out from time to time especially during - and immediately 

after - chamber cleaning and recoating runs. But all in all, the majority of the 

pretreated samples came out crack-free as a result of this technique. 

 

3.3 n-doping of Al-rich AlGaN  

The optimization of n-AlGaN resistivity is essential for durable and 

reliable UV LEDs. In lateral devices, high n-AlGaN sheet resistance impose a 

limit on the device size and can cause nonuniform LED emission and Joule 

heating as a result of the current crowding117. Unlike high electron mobility 

transistors (HEMTs), LEDs do not need extremely high mobility µ or extremely 

high electron concentration n for electrical conduction, for LEDs, the product of 

these two quantitates has to be maximized, and the electron concentration has to 

be sufficiently high to facilitate the formation of ohmic contacts. In horizontal 

AlGaN-based UVC LED devices, the n-AlGaN contact resistance and n-AlGaN 
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current spreading resistance are major contributors to the device overall series 

resistance. For the devices design provided in Table 5.1, a specific contact 

resistance of low 10-4 Ω.cm2 is a pre-condition to reduce the n-contact resistance 

to about 1 Ω. Vanadium-based contacts are the standard choice for high Al% n-

AlGaN contact118. In the literature, it has been shown that Vanadium-based 

contact to high Al composition n-AlGaN can achieve specific contact resistivity in 

the order of 10-6 Ω.cm2 after annealing in nitrogen ambient at 700 -900 ºC 119. It 

is speculated that formation of Vanadium nitride (VN) and nitrogen vacancies 

VN-3- is responsible for electrons tunneling through the metal semiconductor 

interface that leads eventually to the formation of ohmic contact 26. Titanium is 

found to form ohmic contact with n-AlGaN up to 68% AlGaN, also after annealing 

in nitrogen ambient at ~ 900 ºC 120. UV LEDs in the range (260 nm-280 nm) need 

n-AlGaN composition to exceed 60% to create large conduction band offset and 

minimize the UV light absorption in n-AlGaN layer. 

Figure 3.5 shows early attempts to develop highly conductive n-AlGaN via 

superlattice (SL) growth to harvest the advantage of the electron gas formation 

at the AlGaN/AlN interface to assist the lateral injection. A cross-sectional SEM 

image confirmed that the SL periods and total thickness came out as expected 

(Figure 3.5), however, the SL resistivity was unacceptably high > 50 mΩ.cm, 

likely because the SL is not optimized for hybrid vertical/lateral current flow. 

Therefore, we were prompted to survey all the growth parameters to optimize the 

n-AlGaN resistivity. 
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Figure 3.5: Superlattice composed of 60% AlGaN:Si/AlN:Si. 

 

Extensive growth experiments were designed and performed to study the 

effect of different growth parameters on the conductivity of the n-AlGaN. The 

effects of growth temperature, growth rate, silicon doping, indium flow and 

ammonia flow have all been studied to maximize the conductivity of the n-AlGaN 

layer and minimize the optimal n-contact resistivity. To study the impact of the 

growth temperature on the n-AlGaN resistivity, two sets of n-AlGaN samples 

were grown at 1175 ºC and 1050 ºC while keeping the AlGaN composition fixed 

at 63% by adjusting the TMG. Disilane diluted in H2 was used as a source for the 

silicon dopants, and the silicon to aluminum ratio (calculated from the molar flow 

rate of silicon and aluminum keeping in mind that there are 2  Si atoms in each 
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disilane molecule) was varied between 1.2x10-4 to 2.1x10-4. The growth structure 

consisted of 6H-SiC as a substrate and a buffer layer of 1 µm-thick AlN (TDD > 

109/cm2), followed by 200 nm-thick UID 80% AlGaN and finally n-AlGaN layer 

with a thickness of 480 nm. The main result from this study is that the n-AlGaN 

resistivity changed significantly with growth temperature, even more than it 

changes with silicon doping as shown in Figure 3.6. The resistivity sharply 

dropped from > 300 mΩ.cm to less than 10 mΩ.cm as the growth temperature 

changed from 1175 ºC to 1050 ºC for the same silicon doping, which is indicative 

of significant dependence of the resistivity on the growth temperature. The silicon 

doping, though is important, has less significance at lower temperatures. At 1175 

ºC, the optimization of silicon doping reduced the resistivity from >300 mΩ.cm to 

slightly less than 100 mΩ.cm, while At 1050 ºC, wide variation of silicon doping 

did not result in sharp jump in n-AlGaN resistivity indicating relaxed silicon-

resistivity dependence at lower temperatures. 

The effect of growth rate on the n-AlGaN was also examined and found to 

impact the n-AlGaN resistivity. The growth rate was varied between 0.5 A/sec to 

1.5 A/sec. The increase in GR reduced the resistivity from 85 mΩ.cm to 30 mΩ.cm 

as shown in Figure 3.6b. Whereas the TMI flow (200 sccm) in n-AlGaN was found 

to reduce the resistivity by up to 50% as shown in Figure 3.6c, even though the 

indium incorporation at high temperatures > 1000 ºC was unmeasurable. 

By mapping out the effects of temperature and TMI on the n-AlGaN 

resistivity, low-resistivity high-Al content n-AlGaN was developed. For example, 
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70% Al-content n-AlGaN grown at 950 ºC resulted in a resistivity of 10.5 mΩ.cm, 

also, a film with 83% Al-content n-AlGaN grown at 850 ºC had a resistivity of ~ 

20 mΩ.cm, which is matching the best reported figures in the literature for high-

Al content n-AlGaN as shown in Figure 3.6d. There are no reports of low 

resistivity above 85% n-AlGaN, which is attributed to the spontaneous formation 

of DX centers and aluminum vacancies that act as compensation centers for the 

silicon dopants. 

  
a b 

  
c d 

Figure 3.6: Summary of n-AlGaN growth parameters effect on the resistivity 

showing (a) growth temperature effect, (b) resistivity dependence on GR at T = 

1175 ºC, (c) TMI flow effect on resistivity at T = 1050 ºC and (d) resistivity as 

function of AlGaN composition grown at the optimal T, GR and TMI conditions. 
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It is unknown why there is an anticorrelation between the AlGaN:Si 

conductivity and growth temperature. Our SIMS and Positron Annihilation 

Spectroscopy (PAS) measurements121 confirmed that it is unrelated to Si 

compensation by common impurities or group III vacancies as shown in Figures  

3.7a and b. We speculate that it is related to the formation of DX centers at higher 

growth temperatures. 
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a b 

Figure 3.7: (a) Comparison of silicon, carbon, magnesium, oxygen, and hydrogen 

concentration from SIMS as well as electron concentration from Hall measurements 

and group-III monovacancy estimates from PAS. No atomic impurities can explain 

donor compensation behavior. All films were grown at TMA = 10 sccm. All SIMS 

measurements were calibrated using relative sensitivity factors from ion-implanted 

AlGaN standards, and have relative uncertainties of ~20%. (Figure is Courtesy of 

Christian Zollner). (b) Relative S and W parameters measured in AlGaN:Si samples. 

Parameters characterizing the GaN lattice, AlN lattice, and isolated VAl in AlN are 

marked with big open circles. The dashed oval marks the region of the (S,W) 

parameters for in-grown VGa complexed with H, O or N impurities in GaN. Samples 

at 1050 ºC and 1115 ºC are grown with TMI surfactant, samples grown at 1175 ºC 

are without TMI surfactant flow, but no significant change in [VIII] was observed. 

(Figure is Courtesy of Igor Prozheev). 
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Next, we used the optimal AlGaN:Si growth conditions shown in Figure 3.6 

to reproduce these materials using another MOCVD with different geometry on 

a different polytype of SiC with a higher buffer layer quality,78 and we achieved 

even higher Si concentration up to 4 - 5 x 1019 / cm3 and consequently higher 

conductivities in the composition range 65 – 70 % Al-content AlGaN. This further 

increase in AlGaN:Si conductivity was mainly driven by the increase in free 

electron concentration which increased to 4 - 5 x 1019 / cm3 (measured by RT Hall 

effect) indicating nearly full thermal ionization of silicon donors. In these 

experiments (to be published), we achieved up to 4 mΩ.cm at Al0.65Ga0.35N:Si and 

6 mΩ.cm at Al0.7Ga0.3N:Si, which are the lowest resistivities reported for such 

compositions.30,121 

3.4 DX-transition of silicon in Al-rich 

AlGaN 

Several theoretical studies have predicted that the rupture of the 

tetrahedral Si-N bond in Al-rich AlGaN:Si and AlN:Si will trigger a silicon DX-

transition; a transition from shallow donors into deep acceptors.122–127 The Si-N 

bond dissociation would cause an off-center displacement of the silicon dopant (or 

the corresponding nitrogen atom) from its equilibrium substitutional site toward 

an interstitial site that disrupt the local charge balance and create DX centers. 
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Axial Si-N bond (along the c-axis) is slightly longer than the basal Si-N bonds 128, 

and thus may require slightly less energy to break. However, the exact defect 

geometry relaxation of the silicon DX-configuration within the Si-N tetrahedron 

has not yet been determined. Group III monovacancies are theoretically 

calculated to exhibit the lowest formation energy in Al-rich AlGaN:Si and AlN:Si 

125,129–131, and yet they were not found in sizeable concentration as verified by 

PAS. So it is reasonable to assume that defects with higher formation energies 

such as antisites, vacancy complexes and interstitials will typically incorporate 

in lower concentrations than group III monovacancies.132,133 

Consequently, bearing in mind that 1) the incorporation of impurities and 

monovacancies is at least two order of magnitudes lower than the silicon 

concentration, and that 2) there was no large variation in silicon concentration 

among AlGaN:Si samples grown at different temperatures, and 3) the gradual 

decrease in free electron concentration with increasing growth temperature and 

that low resistivity AlGaN:Si with higher aluminum composition was grown at 

gradually lower temperatures for the same optimal Si/Al ratio. Therefore, it is 

plausible that higher growth temperatures of AlGaN:Si is driving the Si-N bond 

breaking process resulting in the observed significant compensation of silicon 

donors at higher growth temperatures. The silicon dopant behavior described 

here has not been observed in GaN:Si because GaN:Si DX-transition require 

heavy doping and occur at energies well above the conduction band minimum.122 
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3.5 p-doping of Al-rich AlGaN 

p-AlGaN layer is detrimental for the electrical and optical performance of 

UV LED. In particular, the structural quality of p-AlGaN and p-contact 

reflectivity is essential for the UVC LED performance 134. Due to the 

asymmetrical concentrations of free electrons and free holes135, the device output 

power can be enhanced by increasing the hole injection into the active region136, 

which can induce an electric field inside the active region that counterbalance 

and screen the spontaneous polarization that separate the holes and electrons 

wavefunction,137 further improving the carrier wavefunction overlap and 

increasing the LED overall efficiency.138 We found experimentally that the 

composition of p-AlGaN, for instance, can increase or decrease the PL intensity 

of the MQW by more than an order of magnitude as shown in Figure 3.8. The 

RSM confirmed that the increase in MQW PL signal correlates with the decrease 

in AlGaN:Mg composition. The device with the lowest AlGaN:Mg composition 

exhibited the strongest PL signal, which is likely due to the increased hole 

injection. The magnesium doping of p-AlGaN also can affect the power output as 

well as the growth temperature of p-AlGaN.139 Since the last quantum well - 

which is arguably the most injected well140 - is in a close proximity of the p-AlGaN, 

it is important to optimize the growth temperature of p-AlGaN such that the 

thermal damage and diffusion of magnesium dopants into the active region is 

minimal. The magnesium diffusion into the active region is expected to 
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significantly reduce the LED output power significantly,141 because Mg 

presumably introduces nonradiative recombination centers (point defects) to the 

last quantum well. 

Therefore, optimization of p-AlGaN growth conditions is essential to the 

realization of high-power UV LED. Figure (3.8) shows the effect of the p-AlGaN 

composition on the PL intensity of the LED, the LED structure is kept the same 

and only the of the p-AlGaN composition is changed. We found that the MQW PL 

intensity dropped by an order of magnitude upon increasing the p-AlGaN 

composition from 48% to 70% as shown in Figure 3.8. In these experiments, the p-

AlGaN composition was changed by varying the V/III ratio. 
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16nm AlGaN spacer 
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16nm AlGaN spacer 

1.1 µm 60%  AlGaN:Si 

250nm UID 82%AlGaN 

3 µm AlN 

4H-SiC 500 µm-thick substrate 
 

 

 

Figure 3.8: The PL signal of MQW as a function of the composition of the p-AlGaN layer. 

The MQW PL increased by more than order of magnitude as the Al% of AlGaN:Mg is 

decreased from 70% to 48%. The test structure is shown on the left. All AlGaN layers are 

grown at a 0.5 Å/s. 

 

The effect of Cp2Mg flow on the conductivity of p-AlGaN has been studied 

using different metal stacks, namely, nickel and chromium-based contacts. The 

p-AlGaN in this study was grown at a temperature of 1100 ºC, on top of 3 µm-

thick AlN. The thickness and composition of p-AlGaN layer were fixed at 500 nm 

and 62%, respectively. The Cp2Mg flow was varied between 10, 14, 18 and 22 

sccm. Finally, a 5 nm-thick p-GaN layer is deposited at a T=950 ºC on top of p-

AlGaN as an ohmic contact layer. Although the flow variations seem small, the 
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difference in the outcome results from electrical measurements (not shown here) 

is significant. The p-AlGaN sample with Cp2Mg of 14 sccm exhibited a current > 

1 µA at 1 V bias, all other samples exhibited a current less than 0.5 µA at 1 V 

bias. The contacts used were Ni/Al/Ti/Au and Cr/Al/Ti/Au with nominal stack 

thicknesses of 1 nm/150 nm/200 nm/100 nm. The current is measured from pad-

to-pad, each pad is 450 µm x 450 µm size. In this configuration, we assumed that 

the p-AlGaN conductivity is isotropic because lateral current is the current that 

is measured (i.e. the hole conductivity parallel and perpendicular to the c-plane 

is assumed equal). However, in LEDs application, the vertical conductivity is 

more important because the holes current is injected vertically into the active 

region.  

Currently, there are no reports of ohmic contact directly to p-AlxGa1-xN for 

x > 0.50,142 and p-GaN is used as holes supplier and for ohmic contact formation. 

Due to the lack of a practical UV-transparent current spreading layer20, and due 

to the importance of uniform current injection on device operation and 

efficiency143, metallic p-side contact is often made larger in size to spread the 

current uniformly across the device and increase the current injection. The 

increase in current injection efficiency usually comes at the expense of light 

extraction efficiency because metal contacts strongly absorb UV light.144 

However, UV absorption can be mitigated by the use of high-reflectivity contact, 

 

 
20 Gallium oxide 𝛽-Ga2O3 is ~ 70% UV-transparent at 280nm emission but has not been demonstrated 

as current spreading layer198. 
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specifically by using aluminum in the contact metal stack. Aluminum reflectance 

is 92% in the deep UV range but does not form ohmic contact to p-AlGaN or p-

GaN because aluminum has relatively low work function ~ 4.25 eV145. Nickel, in 

contrast, has a high work function ~ 5 eV and readily form ohmic contact with p-

GaN146, however, it has high absorption coefficient in the deep UV range α ~ 106 

cm-1 at 280nm (1nm of nickel absorbs roughly 18% of the incident UV light in one 

roundtrip21). Therefore, a metal contact of Ni/Al is essential for the p-contact with 

as minimum nickel as possible to minimize the UV absorption. On top of the Ni/Al 

stack, gold is deposited to prevent contact oxidation and facilitate the flip chip 

bonding and to increase the lifetime and reliability of the contact and the device.  

A diffusion barrier metal such as nickel or titanium is deposited between 

the gold and the aluminum to prevent any intermetallic diffusion into the metal 

semiconductor interface upon heating or during the thermocompression bonding 

process. Sometimes due to run-to-run variability, 1 nm of nickel was found 

insufficient to form an ohmic contact, so, at least 1.5nm or 2nm of nickel (which 

all absorb 26%-33% of the incident UV light in roundtrip) was necessary to 

develop an ohmic contact to p-GaN without annealing141, Post-deposition thermal 

treatment is undesirable because it causes significant gold diffusion into the 

metal/semiconductor interface that can reduce the contact reflectivity by as much 

as 50% causing a significant output power loss. Annealing without gold cap may 

 

 
21 Estimated by Beer-Lambert law 𝐴 = 1 − 𝑒(−𝛼𝑧) where A is absorbance, 𝛼 is absorption coefficient 

and z is the sample depth assuming no scattering and normal light incident. 
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be a choice but uncapped aluminum rapidly oxidizes and form a ~5 nm of native 

oxide layer on the surface147. Aluminum oxide may be etched away by acids like 

Hydrofluoric acid (HF) or bases such as potassium hydroxide (KOH), or by 

chemicals like developer MIF300, but without good aluminum etch selectivity, all 

known aluminum oxide etchants also etch aluminum148. Native aluminum oxide 

is also critical in flip chip thermocompression bonding process, because it impede 

the Al-Al bond formation149. 

Figure 3.9 shows SIMS measurements of Mg incorporation in 60% 

AlGaN:Mg as function of growth temperature, clearly higher Mg concentration is 

realized at lower growth temperature, likely because of less Mg desorption. But 

higher [Mg] is not always positive, because higher Mg incorporation may lead to 

higher Mg back diffusion into the MQW which is believed to have deleterious 

effect on the IQE, [Mg] around low 1019/cm3 is usually a good starting point. It 

was unclear if higher [Mg] ~ 1020/cm3 at 60% AlGaN will result in higher hole 

injection of the MQW or will be compensated. This remains an interesting 

unanswered question. 
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Figure 3.9: SIMS measurements showing magnesium incorporation in 60% 

AlGaN:Mg as a function of p-AlGaN growth temperature (Tgrowth = 1175 °C 

(red); Tgrowth = 1050°C (blue); Tgrowth = 1140 °C (green). For these studies 

(Cp2Mg flow = 500 sccm, TMA flow = 5 sccm and NH3 = 2 SLM). 
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Chapter 4: Optimization of 

MQW growth 

4.1 Important aspects of active 

region design 

UV LED is an example of asymmetrical p-n junction where the free hole 

density is significantly less than the free electron density. Also, the band offset in 

the conduction and valence bands is asymmetrical. These two factors must be 

kept in mind when designing the quantum wells (QWs) and barriers (QBs). Any 

design of c – polar AlGaN UV LED must include 1) suppressing electron overflow, 

and 2) maximizing the hole injection by lowering the hole injection barrier. 3) 

increasing the radiative efficiency by reducing the nonradiative recombination 
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centers inside the active region and 4) maximizing the electron-hole overlap via 

polarization engineering and/or carrier screening. Two related design aspects will 

be highlighted here, namely, the role of conduction band offset and the dopant 

diffusion into the MQW.  

For 280 nm UV LED, AlGaN composition of the well corresponds to about 

46% AlGaN. Barrier AlGaN composition has to be > 60% AlGaN to achieve high 

carrier confinement. It was found theoretically that the barrier AlGaN 

composition has significant effect on the holes and electrons injection efficiency, 

light output polarization, hole ground state and the internal fields inside the well 

150. 

Carriers overlap in III-nitrides can be simulated by several software tools 

including 3D landscape equation modeling151, 3D DDCC and SiLENSe. Chow et 

al150 theoretically investigated the effect of QB composition on the overall 

performance of UV LED. They showed that for 3 nm-thick Al0.46Ga0.54N, the hole 

ground state is either heavy holes (HH) or crystal field split-off holes (CH) 

depending on the barrier composition. With Al0.46Ga0.54N QWs and Al0.61Ga0.39N 

QBs, the HH is the hole ground state, however, both TE and TM light are emitted 

from the wells because the HH, CH and LH (light holes) are narrowly spaced in 

the energy space. On the other hand, with Al0.46Ga0.54N QWs and Al0.52Ga0.48N 

QBs, the CH gets appreciably lower than both HH and LH and becomes the hole 

ground state resulting in a QW light emission that is almost entirely TM. Also, 

the quantum-confined Stark effect (QCSE) is stronger in Al0.61Ga0.39N QB case 
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than in Al0.52Ga0.48N QB case. Our experiments agree with Chow et al result, we 

found that the QW light output power increases with QB Al composition of 61% 

in comparison with QB Al composition of 52%. This may suggest the light gain by 

the enhanced carrier confinement/injection and the increased TE emission offset 

the light loss from the stronger QCSE. 

 

Strong asymmetrical nature of AlGaN-based UVC LED in terms of free 

carrier concentration, effective masses and carrier mobility of holes and electrons 

pose a fundamental challenge to the UV LED efficiency 26. Electron can leak from 

the active region into the p-side causing a leakage current. Leakage current is 

reducing the EQE by increasing the electron current in the p-side that may non-

radiatively recombine with the hole current in the p-side and, as a result, further 

lowers the hole population and reduces the hole injection into the active region. 

Therefore, leakage current and weak electron confinement are major issues in 

UV LED design. Increasing the conduction band offset by increasing the 

aluminum composition of QBs is the typical method to suppress the leakage 

current and increase the electron injection into the active region as shown in 

Figure 4.1, hence, improving the light output and the overall efficiency. 
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Figure 4.1: The calculated quntum confinmetent in c- polar Al0.46Ga0.56N QWs for 

two different QB configuration: Al0.52Ga0.48N versus Al0.61Ga0.39N, showing stronger 

quntum confinemtent in the case of Al0.61Ga0.39N QB, although at the cost of 

stronger QCSE (reprinted from ref 150). 

 

4.2 Optimization of growth 

parameters 

For MQW optimization, two approaches will be discussed in detail. The 

first approach is the conventional approach which mainly relies on growth rate 

calibration and then targeting the optimal thickness of the well that is for c-plane 
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AlGaN will be in the range (2 nm to 4 nm), primarily to maximize the overlap 

between the hole and electron wavefunction that otherwise will be separated 

away by the spontaneous and piezoelectric polarization of the AlGaN (i.e. QCSE). 

The second approach is detailed in section 4.3 and is mostly unconventional 

optimization approach and focuses on the heterointerface engineering between 

the well and barrier. The ideal tool for this set of experiment is the XRR which is 

very sensitive to the discontinuity in electron density in the growth surface-

normal direction, providing valuable information about the heterointerface 

quality, which then can be then simply optimized by manipulating the growth 

parameters. In all experimental optimization series discussed here, only one 

growth parameter was varied while keeping all the other variables fixed, with 

steps sizes adjusted to capture snapshots of the different growth modes. And 

unless merited, infinitesimal steps were avoided as they tend to generate nearly 

redundant data.  

In all of following optimization experiments, a standard MQW structure 

was used. Each MQW structure consisted of four pairs of [3-nm Al0.46Ga0.54N QW 

and 9-nm Al0.65Ga0.35N QB]. The last QW/QB pair is arguably the most important 

component in the UV LED structure, because it comprises the last QW that is 

expected to have the highest hole injection as well as the last QB that will 

determine - along with the electron blocking layer (EBL) - the effective hole 

injection barrier.152 It is important to maintain a high conduction band offset > 

15%153 between QWs and QBs to account for the asymmetrical carrier injection 
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and band offset in AlGaN.154 The MQWs are sandwiched between two 16-nm-

thick Al0.65Ga0.35N undoped spacers, to shield the MQWs from dopant diffusion 

(i.e. Si or Mg). The bottom AlGaN spacer simultaneously acts as a smoothing 

layer to recover the Si-induced roughening and realize smooth MQW surface as 

shown in Figure 4.5. The active region is then capped with a 4-nm-thick EBL:Mg. 

All QWs were grown at a GR of ~ 0.5 Å/s with a well growth time of 55 - 60 sec 

and a growth interruption step of 2 sec to ensure minimal thermal backetching. 

The MQW luminescence wavelength is then tuned by adjusting the TMG flow 

keeping the TMA flow fixed. 

(a) Growth rate calibration  

The growth rate was measured using two techniques, optical Filmetrics 

and cross-sectional SEM. In Filmetrics, the sample is mounted face-up and a 

normal-incidence beam of light is used to measure the total reflectance of the 

sample. Given the reflectance and thicknesses of SiC and AlN, the Filmetrics 

calculates the total AlGaN+AlN thickness via light interferometry. In a cross-

sectional SEM, the sample was cleaved face-down, and then mounted vertically 

inside the SEM chamber. Face-up cleaving was avoided because it would damage 

the epitaxial layer along the cleavage line, and the epi structure would be much 

harder to resolve or measure in SEM.  



 

 128 

A direct comparison between Filmetrics and cross-sectional (Figure 4.2) 

shows a very good agreement between the two techniques, with difference 

consistently less than 5%. Which is surprising given that SEM is measurement-

based tool whereas Filmetrics is an optical interferometry-based tool that neglect 

many variables such as AlGaN bowing and alloy distribution. This comparison 

gives the advantage to the Filmetrics being non-destructive, quicker and easier 

to use, while SEM is more accurate but is destructive and require sample 

preparation. 

 
Figure 4.2: Comparison between two thickness measurement techniques used to 

calibrate the growth rate; cross-sectional SEM and Filmetrics, showing good 

agreement between the two techniques with less than 5% difference range. 
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The typical test structure used for calibration of both GR and Al 

composition is shown in Figure 4.3a, it consists of single AlGaN layer on top of 

AlN/SiC. A more useful test structure is shown in Figure 4.3b, where a stack of 

AlGaN layers with varying compositions are grown on top of each other. Usually, 

three different AlGaN layer are grown with decreasing composition from 80% to 

60% to 40%, , (i.e. to obtain 6 data points per calibration run). Practically 

speaking, the added value will come at the cost of the measurement’s precision of 

the strain state in each AlGaN layers, which now will be interdependent and 

surely hard to resolve individually by RSM. However, we have not observed a 

noticeable discrepancy in AlGaN composition measurements between the two 

structures.  
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~60% AlGaN (500 nm) 

AlN (1µm) 

SiC 

 

~40 AlGaN (500 nm) 

~60 AlGaN (500 nm) 

~80 AlGaN (500 nm) 

AlN (1µm) 

SiC 

 

a b 

  

c 

Figure 4.3: (a) Typical structures used for growth rate and composition calibrations. 

Structure (b) is quicker approach to calibrate both the growth rate and composition 

using SEM and RSM without compromising the quality of the data (except for the 

degree of relaxation). (c) example of SEM thickness measurement, AlN and AlGaN 

layers are clearly distinguishable. 

 

In structure (b), the growth time and TMA were fixed for each AlGaN layer, 

and only the TMG flow was varied, however, it is essential to keep in mind that 

the change in AlGaN composition corresponds to change in AlGaN growth rate 

and vice versa. As expected, the added value of using structure (b) would require 

slightly additional time and complexity in analysis, as the Filmetrics now cannot 

A

lN 

60% AlGaN 

AlN 

 

SiC 

 



 

 131 

be reliably used to measure the AlGaN thickness and growth rate because the 

refractive index and optical parameters are varying as a function of AlGaN 

composition. Thus, cross sectional SEM is recommended here to measure the 

thickness and growth rate of each AlGaN layers individually, Filmetrics can be 

sometimes used if wider data variation is tolerable or if the data trajectory can 

be estimated using previous calibrations. Once the relationship between AlGaN 

composition and growth rate is established, the data can then be readily 

extrapolated (linearly or nonlinearly) to cover the whole AlGaN region of interest. 

Significant shifting in AlGaN composition can occur over extended period of time 

and is very common in MOCVD growth especially after maintenance and non-

AlGaN growths, hence, frequent calibration growths are inevitable to keep the 

AlGaN chart updated. With that said, the slope of AlGaN composition/TMG flow 

relationship is mostly constant with minimal change despite the reactor 

nonuniformity. 

One of the key points when calibrating the growth rate for the active 

region, is to monitor the impurities as a function of AlGaN growth rate. The 

impurity uptake depends on variables such as the gas purity, growth pressure 

and temperature, but it can also be influenced by the growth rate. Roughly 

speaking, faster growth rate tends to incorporate more impurities and vice 

versa,113 likely because at slow growth rate, the impurity adatom has more time 

to desorb before it is overgrown. Therefore, slower growth < 1 A/s rate may be 

preferable in growing the active region. also, impact of growth rate variation and 
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memory effects on the well thickness becomes minimal when the growth rate is 

already slow. 

(b) MQW thickness  

After the MQW growth rate is optimized with respect to surface 

smoothness and impurity uptake, MQW thickness series was then optimized with 

respect to PL intensity, which is the second step in the MQW optimization 

process. It may be more useful to optimize the MQW thickness for PL and not EL 

for several reasons, mainly because PL require less overhead complexity as the 

test structure does not require the growth of hole injecting layers and thus, 

simplistically speaking, would deconvolute the MQW emission quality from the 

influence of growth variability of the upper layers (EBL, p-AlGaN and p-GaN). 

Second, because EL test structure would require growing EBL and hole injecting 

structure, where none of them have been calibrated and optimized at this point. 

Finally, because PL provide faster feedback and is easier to control for head-to-

head comparison between different structures, while quick EL would require 

metal soldering that may vary from devices to device and hence influence the EL 

outcome. Figure 4.4 shows a summary of the experiments done to optimize the 

QW thickness. First the well growth time was varied between 45 sec and 65 sec 

at a nominal GR of 0.5 A/s as shown in Figure 4.4a, which shows the well 

thickness of 2.75 nm has yielded the strongest 280 nm emission. Then 80% AlGaN 
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EBL was grown on top of the MQW to compare its effect on the EL output which 

further enhanced the 280 nm emission, as shown in Figure 4.4b.  

 
a b 

 

c 

Figure 4.4: (a) Comparision of the EL intensity as a function of different MQW 

growth time, at a wavelength of 280 nm and a MQW growth rate of 0.5 Å/s. (b) 

effect of EBL on the MQW emission as measured by EL. (c) (002) omega-2theta 

scan of MQW structure indicative of sharp interface between the well and barrier. 

 

It is worth noting that a relatively wide variation of MQW thickness did 

not result in a complete absence of PL signal, an observation that was helpful in 
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analyzing future MQW failures. In other words, absence of MQW PL signal is 

unlikely to be due to nonoptimal well thickness. 

(c) MQW smoothness 

Conventionally, AlGaN MQWs surface is optimized for smoothness to 

create a low-energy surface, with low barriers for lateral adatom diffusion and 

uniform alloy redistribution.155 Recent studies on rough AlGaN MQW have shown 

a tradeoff between enhanced carrier localization156 and increased composition 

inhomogeneity that manifested in broader and/or double peak emissions.90,91,157 

To ensure a monochromatic sharp emission, all MQWs in this work were initially 

optimized for smoothness. Step-flow growth mode is promoted by maximizing the 

surface diffusion length of adatoms, which can be simply increased by increasing 

the growth temperature. Rough MQW may be desirable in certain cases but then 

it must be reliably controlled and reproduced. It is easier to reproduce a smooth 

surface than to reproduce a randomly rough surface, however, rough MQW has 

been shown to create some local low-defect recombination paths and centers,91 

these local centers may shield the electrons and holes form the deleterious effect 

of the surrounding dislocations and set up an efficient radiative recombination 

centers. Recent studies have suggested that imposing a controlled perturbation 

on the MQW surface may be more beneficial and efficient than flat surface. 

Perturbation such as rough textures and V-defects can be engineered in such a 



 

 135 

way that increase the carrier’s injection efficiency. Jiang et al158 have shown that 

controlled V-defects initiated during the MQW growth is useful in facilitating the 

lateral injection of holes into the wells, which is contrast to the widely common 

view that treat the V-defects as malignant. The key difference, however, that 

make these V-defects benign is that they are rooted and initiated within the MQW 

structure and not propagating vertically from the buffer layer. So, the keyword 

here is that the growth perturbation has to be controlled to be useful, otherwise 

it will be irreproducible and impractical.  

Having said that, in this work, we optimized the active region to be flat 

and smooth with minimal impurities, once this is realized, experiments to study 

the effect of perturbation can then be designed starting from this reference point. 

The smoothness of the MQW is mainly a function of three variables, growth rate, 

temperature and ammonia flow. It is weekly influenced by the change in AlGaN 

composition unless very thick low-Al AlGaN (<30%) layer is grown on top of AlN, 

which is out of our composition of interest. The growth rate is fixed at 0.5 Å/s to 

minimize the impurity uptake and hence is unlikely to have significant effect on 

the MQW smoothness. So, MQW surface has to be optimized with respect to 

growth temperature and ammonia flow. Increasing the growth temperature 

increases the adatoms surface diffusivity, especially the Al adatoms, whereas 

increasing the ammonia flow decreases the diffusion length of the surface group-

III adatoms. Therefore, the smooth surface is likely to be realized at high T and 

low NH3 flow. Figure 4.5 shows AFM micrographs of the top quantum well in the 
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active region grown at T = 1175 ºC and NH3 = 2 SLM at a growth rate of 0.5 A/s, 

demonstrating an ultra-smooth surface with roughness RMS ~ 150 pm. The 

composition of the well was fixed at 46% AlGaN to target the 280 nm emission, 

and neither the wells nor the barriers  were doped. 

 

 
Figure 4.5: (20 µm × 20 µm) and (2 µm × 2 µm)  AFM images of the top quantum 

well in the active region, showing a sub-nanometer smoothness and step-flow 

growth mode. 
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Following the optimization thickness and smoothness, the MQWs can then 

be grown. There is no consensus on the optimal number of wells for UV-C LEDs, 

the commonly reported number of wells varies between three to six wells. Single 

QW and double QWs UV-C LED are rarely reported. It is possible that the 

growing multiple wells is acting as reactor conditioning step before growing the 

last quantum well which is arguably the most hole-injected well, and hence is the 

most critical well in growth. 

(d) Important aspects of MQW growth: 

In MQW growth, higher growth temperatures can have both favorable and 

deleterious consequences; favorable, because the growth quality is typically 

controlled by growth temperature and unfavorable because high growth 

temperatures can trigger different processes that can unintentionally damage the 

MQW if the growth is improperly executed. In this section, several common and 

overlooked missteps that can potentially damage the MQW will be highlighted. 

We previously showed that Al and Ga have dissimilar kinetic behavior and 

therefore it is important to select a growth temperature that accommodate both 

Ga and Al adatoms. However, we have initially chosen to grow the MQW at high 

growth temperature ~ 1200 ºC because it is necessary for higher Al adatom 

surface mobility and less impurity uptake, although at the risk of triggering 
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significant Ga desorption and some unwanted diffusions within the active region 

(back-, inter- and sub-surface diffusions). 

Similarly, the growth rate was also lowered to ~ 1 Å/s to enhance the Al 

adatom surface mobility. Under these growth conditions, Ga will desorb 

significantly at high T and low GR and , therefore, many AlGaN MQW growth 

missteps revolve around the effect of Ga desorption, that can inadvertently 

damage the active region if overlooked, especially during the temperature ramp-

up and ramp-down steps as well as growth interruption steps. Generally 

speaking, all post-MQW layers should have lower growth temperatures than the 

MQWs, mainly to avoid inducing any unintended processes, such as defect-

assisted diffusion within or into the active region layers that may blur the 

interfaces and/or trigger diffusion of dopants. For instance, we observed that 10-

second growth interruption step between the growth of the QWs and QBs is 

sufficient to desorb the gallium adatoms of the well, leaving behind a Ga-deficient 

well that showed zero EL emission. Only upon reducing the growth interruption 

step from 10 seconds to 2 seconds, that the MQW EL can be reliably reproduced 

and measured. It is not possible to get rid of the interruption steps as they are 

needed to account for the adatom residence times as well as the response time of 

the TMG mass flow controller (MFC), a pause stops shorter than 1 second is 

insufficient for the MFC to stabilize the TMG flow after an abrupt change. Figure 

4.6 shows the grown active region after decreasing the growth interruption step 
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to 2 sec imaged via cross-sectional SEM, which is much quicker and more 

accessible than TEM imaging.  

 
Figure 4.6: Active region imaging using cross-sectional SEM showing the top layers 

of the device, the active region composed of 6 MQWs. 

 

Methodological optimization of the MQW growth parameters is obviously 

a prerequisite step to grow high quality MQW. But it is not sufficient, it is equally 

important to know how properly implement these optimized parameters in the 

LED growth process, with careful attention to some of the executional and 

procedural details that may become determinantal to the growth outcome. 

Growth variables that are not part of the standard growth parameters can 

potentially influence the growth quality. Chiefly among these variables are the 

impact of reactor conditioning step before and during the growth, as well as 
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growth nonuniformity and the placement of the substrate. Mounting the 

substrate in different orientations or positions within the susceptor yield 

significantly different outcomes as well be discussed below.   

Reactor conditioning is usually an overlooked variable in MOCVD growth, 

yet an important one. Run to run repeatability is a known issue in MOCVD 

growth and it is safe to say that no MOCVD reactor is infallible against this issue. 

The origin of this behavior is not precisely known, so preconditioning steps need 

to be considered to mitigate its impact. It is well known that commercial LED 

makers ensure that the reactors are properly preconditioned prior to every LED 

growth cycles. Preconditioning step is a common practice in the industry and is 

not exclusive for MOCVDs only. The reason is chiefly to avoid unwanted 

deposition such as side wall deposition, so precondition the reactor make sure 

that the reactor side walls are passivated as well as other invisible variables that 

may influence the growth. It is based on a simple concept that the growth must 

takes place under the same exact environment in every growth to yield the same 

output, akin to initial value problem in differential equations. So, chamber 

preconditioning – or initializing – is universally common step in almost all 

chambers, whether it is used in materials growth or microfabrication processing. 

Nonuniformity in growth is also common in MOCVD growth and can be 

mitigated by several steps. Nonuniformity is growth is related to the boundary 

condition of the reactor which is, in turn, a function of the reactor geometry and 

other growth parameters.159 However, few empirical changes in the growth 
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configurations and layout can have improving impact on the growth uniformity 

and quality. An experiment was carried out to investigate the effect of growth 

nonuniformity on the LED performance. Two SiC substrates were coloaded in the 

same run but positioned differently on the susceptor, one substrate was mounted 

on the center of the susceptor, while the other substrate was mounted on the outer 

edge of the substrate. The susceptor was kept rotating at a speed of 10 rpm to 

increase the growth uniformity and the standard UV-C LED was grown. The 

LEDs were then activated post-growth and tested in the EL setup to compare the 

two LEDs emission. The two co-loaded LEDs exhibited large differences in terms 

of voltage, power and wavelength, the sample positioned on susceptor center was 

by far superior to the sample positioned furthest from the center that exhibited 

significantly weaker EL. The experiment revealed that the position is highly 

influential to the quality of the growth. Figure 4.7 explains the axial dependence 

of the growth, it shows the surface morphology and AlGaN composition as a 

function of the axial distance from the susceptor center. 
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(a) Middle area (b) Inner Edge (closest to center) 

 
 

(c) Outer edge (furthest from center)           (d) omega-2theta scan  

Figure 4.7: (a) to (c) Impact of axial dependence of growth uniformity on the surface 

morphology of AlGaN, and (d) omega-2theta scan showing the change of AlGaN 

composition as a function of the axial distance from the susceptor center. (Blue line) 

is outer edge. (Red line) is inner edge and (Black line) is the middle of the substrate. 

Note the double AlGaN composition peak in the middle area. 
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The surface morphology deteriorates as the axial distance increases, also 

the middle area exhibited double AlGaN peaks corresponding to significant 

composition nonuniformity. The downside of mispositioning the substrate on the 

susceptor can indeed nullify all the optimization upsides, which prompted us to 

note that optimization of growth parameters is necessary but not sufficient to 

grow high efficiency UV-C LED as some, often overlooked, empirical details can 

potentially compromise the overall outcome if the growth is not executed 

properly. In short, in addition to optimizing the MQW growth conditions, it is 

equally important to implement it and manage it well during the LED growth. 

4.3 MQW Interface engineering 

To further determine the optimal growth parameters for the MQW 

structural quality, two different non-destructive x-ray-based techniques were 

employed. Namely, RSM and XRR. In XRR, the x-ray source and detector are 

aligned to scan at a glazing angle, and the recorded signal intensity can vary by 

seven orders of magnitude, which require high-intensity beam source and low-

noise detector. Unlike RSM, XRR does not target any hkl reflection. The scan is 

performed using specular reflection (i.e. the incident angles = the reflected angle, 

or in x-ray terms, 𝜃: 2𝜃 scan). The 𝜃: 2𝜃 is typically scanned up to  2𝜃 = 5𝑜. As the 

2𝜃 increases, the reflected signal intensity decays rapidly with 1 𝜃4⁄  according to 

Fresnel law of reflection. The analysis of the XRR scan is useful to extract 
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important information about the material density, thickness, surface abruptness, 

roughness, and composition. In XRR, the onset point of the decay is important 

because it is related to the material density, the fall-off rate can be linked to the 

interface roughness, fast decay is attributed to a rough interface and vice versa100. 

The fringes (often called kiessig fringes) that are superimposed on the decay tail 

are useful to estimate the thickness and composition of the layer. The interface 

abruptness is crucial for the fringes formation101, so the absence of fringes signal 

can be directly attributed to the lack of interface abruptness. The data gathered 

from RSM and XRR were analyzed to determine the optimal MQW growth 

conditions that satisfy the targeted composition, thickness and interface quality. 

Figures 4.8 summarizes the XRR study of the impact of MQW growth 

temperature on MQW heterointerface abruptness and EL emission. The XRR 

spectra is reflected off the of the AlGaN/AlN interface of the testing structure as 

shown in Figure 4.8b, and therefore is a good measure of the interface abruptness. 

The lack of XRR fringes at higher temperature (i.e. 1300 ºC) is indicative of poor 

and blurred MQW heterointerface. Upon lowering the growth temperature from 

1300 ºC to 1200 ºC, XRR fringes became stronger which is indicative of improved 

MQW heterointerface. Figure 4.8a shows a correlation between the XRR spectra 

and the MQW emission, a stronger XRR fringes correlates with stronger MQW 

emission and vice versa. 
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(a) (b) 

  

(c) (d) 
Figure 4.8: A study of the impact of different growth parameters on MQW 

heterointerface quality (a) growth temperature effect on MQW interface and 

emission, (b) The standard structure used in these experiments to grow the XRR 

testing structure and the corresponding LEDs, (c) GR and (d) TMI flow effect. 

 

Figures 4.8c shows the growth rate effect which did not seem to have strong 

influence on heterointerface abruptness as all samples showed clear fringes. 
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Likewise, Figure 4.8d shows the impact of TMI flow during AlGaN growth on 

XRR intensity, and it is clear that the intensity of the fringes significantly 

increased with TMI flow (200 sccm) in AlGaN compared to the case of no TMI. 

The fringes enhancement is due to improved heterointerface abruptness. It is 

possible that the 200 sccm TMI flow acted as a purging gas that reduced the 

residency time of the Al and Ga adatoms and, as a result, minimized the 

unintentional deposition and/or memory effects of the adatoms––that could 

possibly explain why TMI flow improved the interface. All of these XRR 

measurements in Figures 4.8(a-d) were performed on a reference structure shown 

in Figure 4.8b; the structure consisted of 1 µm-thick AlN grown over 4H-SiC pre-

treated with HT NH3/H2 gas mixture, and then a 20 nm-thick 80% AlGaN layer 

where the growth parameters (see Figure 4.9) are varied for optimization of MQW 

growth condition. The growth condition that yielded the strongest XRR fringes (T 

= 1200 ºC with TMI flow) was then adopted for MQW growth condition and led to 

enhanced MQW PL and EL emissions (see Figures 4.12 and 4.13), and then was 

implemented in the growth of high-WPE LED active region.160 

While emphasizing the importance of abrupt heterointerface in the active 

region, it must not be confused with surface smoothness. Luckily, XRR can 

distinguish between the two, surface roughness affects the signal decay rate and 

not the formation of fringes which is related to the interface abruptness. 

It must be taken into account that Kaneda et al91 showed that uneven 

MQW grown over AlGaN template with macro steps higher than the well 
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thickness were used to develop high-EQE deep UV LEDs, which is indicative of 

conformal growth of the MQW despite the significant surface roughness. This 

does not contradict the present study, because we propose that lack of fringes at 

high MQW growth temperatures is not due to the surface roughness, but it is 

attributed to the grading of AlN/AlGaN interface. 

 

Figure 4.9: AlGaN calibration used in this study, wide range of AlGaN growth 

condition was mapped out to satisfy the optimal MQW growth condition. 

 

Reducing the growth temperature is expected to increase the AlGaN 

growth driving force and decrease the adatom diffusivity161, and thus inhibit the 

AlN/AlGaN interface grading, and result in the formation of well-defined 

AlN/AlGaN interfaces. Both thermodynamically and kinetically speaking, lower 

growth temperature is more favorable for sharper interface. It may also suppress 

the memory effect of gases which is known to negatively affects the growth of 

abrupt interfaces. 
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Prior to the interface abruptness study, the ammonia effect on the surface 

smoothness was studied. A set of four MQW samples with different ammonia 

flows have been grown where the ammonia flow varies from 4 sccm to 40 sccm, 

400 sccm and 4 SLM. The standard structure used in this study consists of 1 µm 

of AlN, 120nm-thick UID 80% AlGaN and 120 nm-thick 60% AlGaN:Si and then 

AlGaN MQW with  2.5nm/7.5nm of thickness, the growth temperature of AlGaN 

layers was kept fixed at 1300 ºC. When the ammonia is varied, it is changed in 

MQW as well as other AlGaN layers including the UID AlGaN and AlGaN:Si 

layers. The growth material precursors are the standard precursors TMA, TMG 

and ammonia. The AFM imaging of these four samples revealed that the 

roughness of MQW surface increases progressively as the ammonia flow increases 

from 4 sccm to 4 SLM. The MQW structure with ammonia of 4 sccm has a sub-

nanometer roughness of 200 pm in 2 µm x 2 µm AFM micrograph scan as shown 

in Figure 4.10, which is indicative of high-quality surface smoothness desirable 

for MQW growth. The AFM roughness of higher ammonia samples (i.e. 400 sccm 

and 4 SLM) exceeded 1 nm and was as high as 6 nm in the MQW sample with 4 

SLM of ammonia flow, such roughness is atypical for MQW growth where the 

abrupt interface and smooth surface are crucial for monochromatic emission. 

Therefore, it was concluded that 4 sccm of ammonia flow is optimal for MQW 

growth. 
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NH3 = 4 sccm 

(V/III = 9) 

RMS = 200 pm 

NH3 = 40 sccm 

(V/III = 90) 

RMS = 1 nm 

NH3 = 400 sccm 

(V/III = 900) 

RMS = 2 nm 

NH3 = 4000 sccm 

(V/III = 9000) 

RMS = 3 nm 

Figure 4.10: Surface image of the last quantum (uncapped) well as a function of 

V/III ratio. The active region was grown at T = 1300 ºC and a composition of 46% 

(QWs) and 65% (QBs). All images are 2 µm x 2 µm. 

 

Growing MQW with NH3 = 4 sccm (equivalent to V/III of 9) is low in 

comparison to most reported AlGaN V/III ratios.162 However, it might not be a 

meaningful comparison as it is unknown if the input growth parameters are 

equivalent to the actual growth parameters (e.g. V/III ratio) near AlGaN growth 

surface. Unlike the binary AlN,163 V/III does influence the GR and composition of 

AlGaN, that is; the higher the V/III, the higher Ga incorporation, likely due to 

the disparity between Al and Ga diffusivity, which renders the Ga migration 

length disproportionately limited by N surface coverage.114 There may be a 

drawback of growing at low V/III, which that it is favorable for carbon 

incorporation as has been shown theoretically and experimentally.164,165 Nitrogen 

and carbon (and oxygen as well) compete for the same group V sites, so decreasing 

the ammonia flow is expected to increase the carbon uptake. SIMS measurements 

showed that that [C] at V/III = 9 is high-1017/cm3 as shown in Figure 4.11. Despite 

the low V/III and high [C], high power UV LEDs were developed using this growth 
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condition.160 Reducing the GR or increasing the growth pressure is expected to 

further lower the [C].166,167 

 

 
Figure 4.11: SIMS of AlGaN sample grown at T = 1200 ºC and V/III = 9. The 

atmospherics levels are considerably higher than the safe atmospherics levels < 

1017 /cm3, but can be reduced by further optimization of V/III, pressure and GR. 

 

Following the XRR and AFM optimization, the growth rate and QW 

thickness impacts have been reoptimized by room temperature PL. Figure 4.12 

shows the PL of MQW with different QW thickness varied by changing the QW 

growth time from 45 sec to 65 sec at a GR ~ 0.5 A/s, it shows maximum PL at a 

QW thickness of ~ 2.75 nm to 3 nm. Also, the growth rate of MQW was varied by 

changing the TMA flow, the growth rate was changed from 0.25 A/s to 0.5 A/s and 

1 A/s. The PL of these samples showed comparable output intensity for the 0.25 

A/s and the 0.5 A/s samples at a wavelength of ~ 300 nm.  
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(a) (b) 

Figure 4.12: (a) PL of MQW with different well thickness. (b) PL of MQW with 

different GR. All MQW grown at T = 1200 ºC with NH3 = 4 sccm. 

 

However, the 1 A/s sample had slightly weaker PL but at a significantly 

shorter wavelength ~ 290 nm. The difference in PL intensity between the slow 

GR and the fast GR could be attributed to stronger absorbance of the 

spectrometer at shorter wavelengths, and is unlikely to be due to a degradation 

in the MQW quality because of higher GR. Figure 4.13 summarizes the outcome 

of the MQW interface engineering study, it shows normalized EL of the optimal 

MQW growth condition emitting at 270 nm and 280 nm with FWHM = 13 nm and 

FWHM = 20 nm, respectively. The linewidth of the MQW emission is normally a 

good measure of the interface quality, a wide FWHM of 20 nm or more could be a 

result of suboptimal heterointerface between the QW and QB, therefore a 

linewidth of ~ 10 nm should be targeted and maintained. 
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a b 

Figure 4.13: Summary of the MQW interface engineering study. (a) MQWs grown at 

T = 1300 ºC with different MQW thicknesses versus (b) MQWs grown at T = 1200 

ºC. Reducing the growth temperature improved the MQW interface abruptness and 

the qulity of the UV emission as shown in this comparision before and after the XRR 

optimization. Yet, more investigation is needed to determine if this behaviour was 

due to inhibited (defect-assisted) thermal diffusion or reduced memory effects. 

 

Although it is clear from XRR study that the interface abruptness 

improved upon lowering the growth temperature, we cannot neglect the 

possibility that the interface quality was also compromised by the memory effect 

of gases and that further interface optimization may be necessary. Memory effect 

– irrespective of its origin, either caused by vapor adsorbates in the chamber or 

by surface riding,168,169 - is known to preclude the formation of abrupt interfaces 

by extending the residence time of adatoms.170 Typical c-polar AlGaN MQWs are 

8 to 12 monolayer in total thickness, grown in a relatively short period and hence 

are vulnerable to this effect , which can influence the MQW growth in terms of 

interface abruptness, wavelength tunability and linewidth,171 yet can be 

potentially mitigated with optimal interruption and purging techniques 172 and/or 

reducing the GR.173 
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Chapter 5: LED 

performance and future 

work 

5.1 Introduction to TFFC process 

The Thin Film Flip Chip is, as the name suggests, a process where the 

grown LED is flipped––meaning the top epitaxial layer side of the chip is bonded 

to another material, thus making the back side of the epi wafer the free surface. 

The main advantage of this process is that it significantly enhances the light 

extraction, another advantage is that it allows the reuse of the growth substrate 

if that substrate can be removed nondestructively, hence reducing the overall 

cost. The TFFC process used in this project and summarized here was developed 
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by B. Saifaddin and the process development and optimization details can be 

found elsewhere.141  

Following the deposition of the n- and p-contacts, the UV LED was then 

flipchiped to get the SiC removed in order to improve the LEE. The flipchip 

process consists of three main steps. First, the Au-Au bonding where the UV LED 

is bonded to an insulative submount for better mechanical support and easier 

handling. The Au-Au bonding was executed by a dedicated high-precision bonder 

at elevated temperatures > 200 ºC to ensure strong and aligned bonding for better 

thermal performance and high current operation. One advantage of Au-Au 

bonding is that it is expected to contribute less thermal resistance than the 

commonly used eutectic Au-Sn bonding.174 The second step is to mechanically thin 

the SiC substrate using grinding or polishing tool for fast removal of the SiC. 

Finally, the residual SiC is completely removed by a highly selective SF6-based 

gas etching using inductively coupled plasma reactive ion etching (ICP-RIE). 

Table 5-1: LED design dimensions. 

Device pattern n-contact area Device Mesa area Total area 

 

0.04 mm2 0.117 mm2 0.157 mm2 

 

0.047 mm2 0.036 mm2 0.083 mm2 

 

Thermo-compression gold-to-gold bonding of the grown LED was achieved 

by Finetech flip chip bonder with < 4 µm resolution. The Au-Au bonding was done 



 

 155 

at a bonding temperature of 280 ºC to avoid triggering intermetallic diffusion that 

will damage the aluminum-based p-contact mirror (i.e. by decreasing its 

reflectivity). As will be shown in section 5.3, it was found that the p-contact mirror 

remains intact at temperatures as high as 300 ºC with titanium diffusion barrier. 

Above 300 ºC, the reflectivity of the mirror drops significantly, most likely as a 

result of the diffusion in the metal stack. The compression force was 30 N and 

was applied by a compression arm for 5 minutes to ensure prober bonding. 

This results in a reasonably-strong bond for manual handling, but it still 

can de-bond easily if subjected to mechanical polishing or thinning. Therefore, 

following the thermo-compression bonding, the flip-chipped LED was further 

pressed in a carbonic pressing fixture at 200 C for at least 2 hours or overnight 

for best result. The carbonic pressing fixture greatly enhances the bonding 

strength and make it sufficiently strong and resilient to withstand the rough 

mechanical thinning process. 

The sample was then mounted on a waxing layer heated at 150 ºC and then 

cooled down to room temperature to provide mechanical support and protection 

during the mechanical thinning. The mechanical thinning was achieved using a 

rotating lapping tool. The sample was placed against a diamond disc, where the 

sample and the disc were rotating against each other for fast thinning. The disc 

was diamond-based with average grit size of 9 micron and was rotating counter-

clockwise at a rotation speed of 6 rpm, while the sample was rotating clockwise 

at 5 rpm. It was found that the direction of rotation can significantly affect the 
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SiC etching rate as shown in Table 5.2, also the positioning of the sample within 

the sample holder may also affect the etching rate as well as the uniformity of the 

etching. The etch rate is maximized by using disc with large grit size and 

positioning the sample off-center and rotate it against the etching disc. But it is 

also more important to achieve highly uniform thinning because it will 

significantly affect the yield of the next step, which is the isotropic ICP etching. 

Table 5-2: The impact of different configuration on the etching rate of the lapping 

tool. (CW: clockwise or CCW: counter-clockwise.) 

Grit size Position rotation etch rate 

9 µm Centered CW 4 µm/min 

9 µm Centered CCW 3.6 µm/min 

9 µm off center CCW 20 µm/min 

15 µm centered CW 5 µm/min 

15 µm off center CCW 38 µm/min 

 

Following the mechanical thinning, ICP-RIE system was then used to 

achieve highly selective SiC etching process where the etchant is Sulfur 

Hexafluoride-based gas (SF6). The Helium-cooled ICP is equipped with two RF 

power sources set at 13.56 MHz, one RF source for the Electrostatic Chuck (ESC) 

bias and the other RF source is for the coil power. With this configuration, the 

plasma density can be controlled independently from the etching ions energy such 

that plasma density is controlled by the RF coil power whereas the ions energy is 

controlled by the RF chuck bias power.175 
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The inductive RIE has greater plasma density than capacitive RIE and 

therefore results in faster breaking of the covalently-bonded Si-C.176 It etches by 

two mechanism: physical etching (i.e. ion etching) and chemical etching (i.e. 

reactive etching). The ion bombardment physically breaks the bond of the SiC 

while the chemical etching reacts - hence reactive - with the SiC surface creating 

a volatile byproduct on the surface such as SiF4, and CF4 gases that get easily 

pumped away. Two etching processes are employed, 1) a fast etching with low 

selectivity, and 2) slow etching with high selectivity. The etching speed and 

selectivity are tailored by the SF6 gas flow and the RF chuck bias of the sample 

as well as the chamber pressure. The fast etching averaged about ~ 40 µm/hr and 

is done at 400 W RF chuck bias with 40 sccm of SF6 flow, while the slow etching 

nets around 12 µm/hr and is done at 50 W RF chuck bias at 50 sccm of SF6 flow. 

The RF coil power is fixed at 1000W for maximum selectivity and the ESC is 

biased at +1200 V and -1200V. The chamber pressure was fixed at 1.33 Pa and 

the sample temperature is set at 50 ºC. However, extensive ion bombardment is 

expected to cause local heating that might increase the etching rate. In some 

cases where the mechanical thinning was impractical, full SiC removal can be 

achieved by ICP alone using a sequence of 1-hour of SF6 fast etch segments 

followed by 1-hour of O2 reactor cleaning segments. For a 1-hour fast SF6 etching 

segment, the etch rate measured after 5 hours of SF6 fast etching was determined 

by cross-sectional SEM to be 44.44 µm/hr. The slight 10% increase in the long 

etch rate is believed to be related to the local heating resulted from long etching 
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periods. The remarkable consistency of SF6 etch of SiC is attributed to the 

absence of polymer byproducts, in contrast to volatile byproducts that can be 

easily pumped out and does not cause polymer accumulation and therefore the 

etch rate is consistent even over long etch periods.141  

The slow SF6 etch has high AlN/SiC selectivity of 1:90 at a pressure of 1.33 

Pa as measured by Saifaddin, and can be increased to 1:150 at lower reactor 

pressure of 0.8 Pa. After completely removing the SiC, the exposed N-face AlN is 

then roughened by submerging the sample in 0.25 Molar Potassium hydroxide 

(KOH) solution for 10-15 seconds at room temperature, the KOH treatment 

creates pattern of hexagons on the AlN surface that enhance the output power by 

increasing the light extraction efficiency of the LED.83 The power measurement 

is recorded by an integrating sphere that is coated with BaSO4, which has >90% 

reflectance in the 250nm – 280nm range and exhibit near-ideal diffuse reflection 

characteristics. The signal collected by the integrating sphere is analyzed by MAS 

40 spectroradiometer that measure the wavelength and the power of the signal 

as shown in Figure 5.4. 
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5.2 Optimization of the n-contact 

conductivity 

Optimization of n-contact conductivity is imperative for the efficient 

operation of UV LED. The optimization of ammonia flow in n-AlGaN layer was a 

key variable that enabled the realization of ohmic contact to 66% n-AlGaN. Upon 

increasing the ammonia in n-AlGaN growth from 2 SLM to 4.5 SLM, the 

vanadium based-contact turned from non-ohmic to ohmic even though the silicon 

concentration is the same in both samples, as shown in Figure (5.1a). The silicon 

concentration in both samples was measured by SIMS to be in the mid-1019 /cm3. 

The n-AlGaN with 4.5 SLM had a free electron concentration estimated around 

3.2x1019 /cm3 with a mobility estimated to be 19.1 cm2/V.s, and the sheet 

resistivity was measured  to be 161 Ω/sq. These figures were measured by Hall 

setup measurements using Van der Pauw method. The metal stack used is 

V/Al/V/Au with thicknesses of 20 nm/100 nm/100 nm/200 nm, the contact was 

formed by standard lithography and cleaned in HCl for 10 min before deposition. 

The metal stack was then deposited by electron beam deposition at a base 

pressure less than 3x10-6 torr to ensure removal of water vapor, which is the 

dominant contaminant for thin film deposition in the base pressure ~ 10-5 to 10-7 

torr.177 The contact was annealed at 740 ºC for 30 seconds in nitrogen ambient 

with a flow rate of 5 SLM. Several annealing temperatures points from 600 ºC to 
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900 ºC were used to realize ohmic contact, only the temperature range of 720 ºC 

– 740 ºC was found to yield ohmic contact using the contact configuration 

described herein. 

Vanadium based contact has been shown to form ohmic contact to the 

entire n-AlGaN alloy, with contact resistivity in the order of 10-6 Ω.cm2 up to 70% 

AlGaN 26. However, we observed experimentally that realizing ohmic contact to 

high-Al AlGaN is strongly dependent on the AlGaN growth temperature, growth 

rate and V/III ratio. Ammonia flow in particular was found to be helpful in 

achieving Vanadium-based ohmic contact to high-Al AlGaN, possibly for two 

reasons: first, increasing the ammonia flow will compensate more acceptor levels 

by hydrogen passivation, an effect that has been observed in n-GaN.178 And hence 

increase the free electron concentration needed for ohmic contact formation. It is 

worth noting that hydrogen passivation of deep levels in n-GaN is mostly 

irreversible process since hydrogen faces higher diffusion barrier ( 3.4 eV) than 

in p-GaN (~ 0.7 eV), so post-growth annealing of the contact is unlikely to cause 

hydrogen desorption from n-GaN.179 Roughly speaking, an extra 0.1 eV in 

diffusion barrier corresponds to an increase of about 50-100 ºC in annealing 

temperature.180 We Note that hydrogen is interstitial and amphoteric in both AlN 

and GaN.181 It acts as a donor (H+1) in p-type GaN and incorporated closer to the 

N atom, whereas in n-GaN, it acts as an acceptor (H-1) and incorporated closer to 

the Ga atom.132 Due to these differences in charge states and bonding 

configurations, hydrogen exhibits different solubility and diffusion barrier in n-
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GaN versus p-GaN, a similar case can be conceivably assumed applicable in 

AlGaN.  

Another potential advantage of higher ammonia flow is that it supplies 

more nitrogen for the nitrogen-vanadium (N-V) reaction; one of the predicted 

mechanisms for the formation of ohmic low resistance contact.26 The rationale for 

this mechanism may be inferred by analyzing the reaction between the vanadium 

and nitrogen. The V-N reaction, upon contact annealing is expected to trigger 

nitrogen outdiffusion from the semiconductor toward the metal, which results in 

a high density of nitrogen vacancies at the interface. Nitrogen vacancies (VN) act 

as donors in 66% AlGaN:Si, hence, VN helps forming a highly n-type 

metal/semiconductor interface with high electron concentration sufficient for 

electron tunneling.26 

The two samples were compared using XPS to investigate any differences 

in the top monolayers that can justify the difference in electrical behavior, the 

XPS scan is shown in Figure (5.1c), yet no clear difference in composition is 

observed, the XPS spectra seemed nearly identical for both samples, indicating 

that there is no clear difference in terms of absence or presence of chemicals on 

the surface. 
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c d 

 
 

e f 
Figure 5.1: (a) SIMS scan for the two samples. (b) voltage-current measurements. 

(c) XPS spectra of the two samples. (d) Ohmic I-V curve up to 160 mA for 66% 

AlGaN:Si was realized after increasing growth ammonia flow from 2 SLM to 4.5 

SLM, using Vanadium-based contact V/Al/V/Au annealed at 740 ºC in N2 for 30 sec, 

the electron free carrier concentration from hall measurement n = 3.2x1019 /cm3 with 

mobility of 19 cm2/V.s. (e) Effect of annealing T on the I-V linearity (f) comparision of 

some of the specific contact resistances from different groups.182 
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5.3 Optimization of p-contact 

reflectivity 

To further optimize the p-AlGaN contact, a separate study was carried out 

to choose the best metal for the semiconductor interface, the p-AlGaN contact 

stack used for optimization comprised of 5nm of p-GaN, 1 to 2 nm of high work 

function metal, the candidates were nickel Qw = 4.4 eV , chromium Qw = 4.3 eV, 

rhodium Qw = 4.6 eV and palladium Qw = 4.5 eV. On top of that, 150-nm of 

aluminum which poses high UV reflectivity. 200-nm of a diffusion barrier metal 

such as nickel or titanium and then 100-nm of gold to protect the contact, thicker 

gold layer is required in the case of Au-Au bonding. The p-AlGaN optimization 

process test for p-AlGaN conductivity using simple pad-to-pad I-V measurement 

on a patterned metal, and the UV reflectivity of the contact in the range (260 nm 

– 280 nm) is measured after 300 ºC annealing that mimic the thermocompression 

bonding temperature of 300 ºC. 

The reflectance measurements were taken using Filmetrics F10-RT-UVX 

system at normal incidence, the reflectance standard used for system calibration 

before each measurement is aluminum mirror supplied by ThorLabs that has 

93.3% reflectance at λ=280nm, measured at normal incidence. The contact stack 

was deposited on double-sided polished (DSP) sapphire wafer coloaded with p-

AlGaN samples under the same condition for more reliable measurements. The 
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DSP sapphire, unlike silicon carbide, has low absorbance and high transmittance 

in the UV range. At normal incidence at λ=280nm, 82% of the incident light is 

transmitted and only around 0.5% of the incident light is absorbed in the DSP 

sapphire, hence it can be used for reliable UV reflectance measurements. 

However, the reflectance at the air/sapphire interface can be as high as 17% 

which has to be taken into consideration for the determination of the absolute 

reflectance of the contact. Another point worth consideration is that the measured 

contact reflectance is only valid at normal incidence condition, it does not reveal 

how omnidirectional are these contacts before or after annealing, because it is 

unknown if the oblique incidence will follow the trend of the normal incidence 

measurements or not. In LEDs, omnidirectional reflector contacts are desired 

more than angle-dependent reflectors due to the random distribution of the 

emitted light183. 

One of the key results obtained from the current study is that rhodium-

based contacts are more efficient as deposited than annealed. The conductivity of 

Rh-based contact dropped sharply upon heating the contact at elevated 

temperatures. For instance, it was found that for the p-contact Rh/Al/Ni/Au with 

thickness of 1nm/150nm/200nm/100nm annealed at 300 ºC for 30 seconds in air 

ambient, the normal incident reflectance dropped from 80% to 60% and the 

lateral current dropped by one order of magnitude from about 1µA to 0.1 µA at a 

voltage of 1 V.  
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(a) (b) 

 

 
(c) (d) 

 
(e) 

Figure 5.2: (a) the I-V testing structure and contact. (b) Refelctivty of different metal 

stacks before annealing (relative to Thorlabs UV-enhanced Al mirror), all metal 

stacks have the same thickness 1/150/200/100 nm. (c) pad-to-pad IV measurment 

of Cr/Al/Ti/Au contact deposied on 64% AlGaN:Mg with 5nm-thin GaN:Mg contact 

layer. (d) Comparision between Ti vs Ni diffusion barrier after annealing at 300 ºC 

showing minimal change in reflectance before and after the annealing process 

when titanium is used as a diffusion barrier.  (e) comparision of the result of (c) with 

reported results. 
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Figure (5.2c) shows the I-V measurement of Cr/Al/Ti/Au contact with 5nm 

of p-GaN contact layer, the current is measured pad-to-pad after recessed-etch of 

p-GaN, the ohmic behavior of the contact enables RT hall measurements, and the 

resistivity of 63% p-AlGaN was measured to be 30 Ω.cm, which is comparable to 

the figures reported in the literature in the same composition range. Another 

important result was that heating the contact is not always damaging for the 

reflectivity of the contact if a robust diffusion barrier is deposited. It was found 

that for Ni-based contact with a contact stack of Ni/Al/Ti/Au with thicknesses of 

1 nm /150 nm /200 nm /100 nm, heating at 300 oC actually slightly improved the 

reflectance at wavelengths shorter than 260nm, as shown in Figure (5.2d), and 

remained mostly unchanged at higher wavelengths. This could be attributed to 

the diffusion barrier material; titanium is more robust as a diffusion barrier than 

nickel as evident by comparing the annealed contacts Rh/Al/Ni/Au and 

Ni/Al/Ti/Au in Figure (5.2b). The two contacts have similar reflectance before the 

annealing, the difference in UV absorbance between rhodium and nickel can be 

assumed negligible because it is very thin layer (~ 1 nm thick), and almost equal 

reflectances for Rh-based and Ni-based contacts before annealing validate this 

assumption (measurements not shown here). Therefore, the drop in reflectance 

after annealing is attributed to the difference between nickel and titanium in the 

diffusion barrier layer, so we conclude that titanium is more robust as a diffusion 

barrier upon heating than nickel. 
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Aside from the high-reflectivity contact, several other solutions have been 

proposed to improve the hole injection and p-contact. For instance, tunnel 

junctions (TJ) – invented by Esaki in 1958184 - in reverse-bias operation can inject 

holes into the active region via interband tunneling185. AlGaN-based tunnel 

junction combine the advantages of efficient current spreading and uniform 

injection as well as UV transparency. Recently, TJ has been demonstrated in 

UVB and UVC LEDs, though with high operation voltage186,187. However, a 

proper design of TJ has the potential to simultaneously improve the hole 

injection, light extraction and current injection uniformity. In addition to tunnel 

junction, photonic crystals (PhC) have been demonstrated as a novel method to 

increase both the reflectivity and conductivity of the p-AlGaN and p-contact188. 

PhC formed by creating refractive index discontinuity in proximity to the active 

region, PhC act as a light reflector just before the p-contact, decoupling the 

contact reflectivity and injection uniformity constraints and allowing for the 

optimization of p-contact for conductivity solely.189 Therefore, enhancing the light 

extraction and improving the wall plug efficiency.190 

5.4 Ti- assisted indium gold bonding  

Finally, we plan to pursue a new thermocompression process using In-Au 

bonding instead of Au-Au bonding, the new bonding process is expected to have 

two significant advantages over the current process. 1) In-Au eutectic bonding is 
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expected to occur at much lower temperature than Au-Au bonding, successful In-

Au bonding has been demonstrated at 200 ºC, significantly lower than the 

currently used bonding temperature of 300 ºC. 2) indium is expected to exhibit 

higher diffusivity than gold, thus, limiting the gaps within the bond and ensuring 

robust and resilient bonding. 

Au-Au thermocompression bonding employed in this study was designed 

in such a way that does not trigger gold mass diffusion to keep the Al-based 

mirror intact after the thermocompression bonding process. The Al-mirror 

constraint sets an upper limit of the bonding temperature at around 300 ºC—a 

suboptimal bonding temperature for the Au-Au bonding. Au-Au bonding provides 

high thermal conductivity (~300 w/mK) essential for heat dissipation, but the 

optimal Au-Au bonding temperatures is about 400 ºC. High bonding temperature 

is required to initiate mass gold interdiffusion essential for strong and resilient 

bonding. 191 But at the same time, undesired aluminum interdiffusion could be 

potentially triggered as well. Also, the small bonding contact area (roughly 0.1 

mm2 to 0.15 mm2) composed mostly of thin stripes further weakening the 

mechanical strength of the bonding. This was evident from the number of de-

bonding incidents after the Au-Au bonding. For instance, it was found that the 

polishing tool can cause the LEDs to de-bond as a result of the mechanical 

grinding, as well as in the singulation step where the fast rotation of the dicing 

saw and the pressurized water can cause the LEDs to de-bond even when 

protected with blanket photoresist. And to a less extent in the ICP etch, where 
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the strong plasma etch can also result in LEDs de-bonding. Finally, the penalty 

of small bonding imprecision can be potentially high and irreparable as it might 

cause electrical shorting of the LED. 

Mindful of all these issues, there was a strong need for another bonding 

scheme that can withstand the post-flipchip intensive processing. A prominent 

choice is the In-Au bonding which forms a eutectic bond at 156 ºC at a eutectic 

composition of 99% In and 1% gold. Eutectic bonding is expected to exhibit 

stronger bonding strength sufficient to survive the mechanical grinding, dicing 

and ICP etching. At the same time, bonding contact area was increased to about 

0.75 mm2 (by increasing the mesa area to 1mm x 1mm) to enhance the mechanical 

strength and resilience of the bond. Therefore, we considered developing an 

alignment-free blanket bonding structures with two different potential 

dielectrics. The bonding structure takes the form of p-metal/ dielectric / blanket 

metal as shown in Figure 5.3. For the prototype, we used a complex structure 

composed of a 300 nm-thick SiO2 dielectric on top of 100 nm-thick Ti adhesion 

layer on top of the p-contact and then (80 nm Al /20 nm Ni / 200 nm Au). The p-

metal stack consisted of Ni (1 nm)/Al (100 nm)/Ni (100 nm)/Au (200 nm) and 200 

nm-thick Ti on top of that to increase the adhesion with the dielectric which could 

be SiO2 or Si3N4. The blanket metal consists of V/Al/Ni/Au (15 nm V, 80 nm Al 

mirror, 20 nm Ni diffusion barrier and 200 nm Au bonding and anti-oxidation 

layer). The submount substrate consists of blanket metal of 100 nm-thick Ti as 

an adhesive layer,  2 µm In and 200 nm-thick Au on top of it. The 
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thermocompression bonding in this process does not require alignment due to the 

blanket metal deposition and the thick dielectric that insulates the n and p 

contacts. The bonding temperature is 200 ºC, slightly above the eutectic 

temperature of In-Au to provide a temperature working range. The sample and 

the submount were bonded for +2 hours before mechanical polishing. The goal is 

to replace the Au-Au bonding with hermetic, strong bond method. The outcome of 

the bonding is shown in Figure 5.3 and the strength of bonding was evaluated by 

qualitatively comparing it to the reference Au-Au bond. The In-Au bond was 

superior to the Au-Au bond as it withstood forceful applied shear forces and 

several intentional debonding attempts, unlike the Au-Au which de-bonded easily 

by minimal force. Also, no visible gaps were observed by microscope indicating 

that the bond is hermetic. The Ti has been used because it 1) acts as a solid 

diffusion barrier as has been shown in section 5.3 and a 2) Ti is a very good 

adhesion layer because it strongly bonds with the native oxides. It must be noted 

that thicknesses and temperature used don’t exactly match the reported values 

of the In-Au eutectic bond. For instance, the In-Au was bonded at 200 ºC, 

significantly higher than the In-Au eutectic temperature of 156 ºC as evident from 

In-Au phase diagram. Also, 200-nm of Au and 2-µm of In don’t correspond to the 

eutectic In-Au composition of 99% In and 1% Au. The reason of this deviation is 

merely empirical, providing an adequate working range in temperature, 

composition and time can help realizing the eutectic In-Au bond faster. 
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Figure 5.3: test structure used for In-Au bonding optimization experiments (a) LED 

and (b) submount. (c) a picture of the bonding outcome, the In-Au bond annealed at 

200 ºC for overnight was found to be hermetic and resilient against manual and 

mechanical handling. 

 

The bonding 
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5.5 LED performance 

Following the growth of n-AlGaN and MQW, the LED output power can be 

greatly enhanced by p-AlGaN engineering. The simplest way is to grow p-AlGaN 

at lower T than the MQW but sufficiently high to avoid incorporating high [C]. 

Figure 5.4 showed a comparison of output power between two LEDs grown under 

the same condition and fabricated using the process detailed above. Both LEDs 

emit in the UVC range as shown in Figure (5.4c), namely, 262nm and 267nm. 

One LED is grown with n-spacer (LED A) and one without n-spacer (LED B). n-

spacer is a 16-nm-thick UID 64% AlGaN layer that separated n-AlGaN and 

MQW, see Figure 5.4d. Both LEDs were grown on top of AlGaN/AlN buffer layer 

with TDD estimated to be in low-109 /cm2, followed by 500nm-thick AlGaN:Si and 

MQW as described in Chapter 4. After the growth of the last QW, the growth 

temperature is ramped down from 1175 ºC to 1050 ºC to grow the EBL and p-

AlGaN/p-GaN. As shown in Figure 5.4, n-spacer was found to impact the LED 

EQE, n-spacer is expected to act as a filtration layer for impurities that stop their 

diffusion into the active region. LED A exhibited an EQE of 3% compared to an 

EQE of 2% for LED B for the same forward current of 20 A/cm2. LED A peaked 

at an EQE of 3.5% at a forward current of 30 A/cm2 as shown in Fig 5.4a. 

However, both LEDs suffer from thermal heating and high voltage at low 

currents, which is indicative of significant current crowding resulted from the 
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thin n-AlGaN layer. The voltage penalty resulting from n-spacer inclusion is 

about 0.5 V at 7.5 mA, which is equivalent to 20 A/cm2. 

 

 
 

(a) (b) 

 

 

5nm p-GaN:Mg 

50nm pulsed 64% p-AlGaN:(Mg,In) 

4nm 80% AlGaN EBL T=1050 oC 

16 nm UID 64% AlGaN T = 1175 oC 

4xMQW UID AlGaN (55% 2.75nm QW/ 65% 11nm QB) 

16 nm UID 64% AlGaN T = 1175 oC n-spacer 

500 nm 64% AlGaN:Si 

200 nm 80% AlGaN 

3 µm AlN (TDD ~ 109 /cm2) 

 

(c) 

 

(d) 

Figure 5.4: Summary of the results obtained from n-spacer study showing: (a) 

power measurements as a function of device current density (device area = 0.036 

mm2) (b) IV measurements (c) EL spectra and (d) LED structure. (EQE and current-

voltage measurments credit: Dr. Burhan Saifaddin). 
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In summary, several efficient UV LEDs have been developed during this 

project, Figure 5.5 summarizes the range of UV LEDs developed that span the 

UV spectrum from 254 nm to 320 nm. 

 

Figure 5.5: Normalized EL spectrum for selected UV LEDs. 

 

Future work: 

The results shown in Fig 5.4 and 5.5 are representative of the standard 

adequacy that can be demonstrated. However, it is clear that more innovative 

solutions are indispensable to further increase the efficiency of UV LED. It is 

suggested that the WPE is mostly limited by the carrier injection inefficiency and 
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the generation of free holes. So, it is expected that the tunnel junction can 1) 

enhance hole generation and injection,  2) decouple the tradeoff between p-AlGaN 

conductivity and transparency which is currently imposed by the p-AlGaN 

inefficient doping as well as 3) remove the need for the top mirror and enable top-

surface UV emission, and thereby TJ should be the basis of the future work. 

In this work, optimization experiments to develop high EQE deep UV LED 

on SiC has been investigated with focus on improving the conductivity of the n-

AlGaN and p-AlGaN layers for better efficiency and longer lifetime. Different 

growths technique to reduce the n-AlGaN resistivity has been discussed with 

emphasis on the effect of the growth temperature as the dominant growth 

parameter that affect the n-AlGaN layer resistivity. We speculate that p-AlGaN 

may also be affected by the growth temperature as well; that is, the higher the 

growth temperature, the lower the conductivity of the p-AlGaN. Optimization 

experiments of V-based n-contact found that growth parameters of n-AlGaN, 

especially ammonia flow, is strongly influencing the ohmicity of the n-contact, 

and free electron concentration as high as 2.3 - 3.2 x1019/cm3 was measured under 

the optimal conditions. 

Despite the improvement made in MQW interface abruptness, the 

possibility of memory effects still needs to be considered and investigated. 

Another area of research interest is the n-side UID AlGaN spacer that separates 

the n-AlGaN and the active region, we speculate that this spacer acts as a filter 

that stop the diffusion of Si dopants into the active region. Preliminary results 
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showed that LED with n-AlGaN spacer is superior in terms of output power to 

LED without n-AlGaN spacer, although one can expect that the inclusion of UID 

AlGaN may result in a voltage penalty. Figure 5.6 summarizes the timeline of 

this project; it is expected further enhancement of output power can be attained 

be optimizing the MQW against potential memory effects and implementation of 

AlGaN tunnel junction. 

 

Figure 5.6: UV project timeline, the incorporation of tunnel junction is expected to 

deliver 1.5x to 3x WPE enhancement depending on the TJ optimization. 
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5.6 Conclusion 

In summary, a high efficiency UVC LED has been demonstrated along with 

conventional and unconventional optimization methods to design and develop the 

active region. Also, methods to minimize n-AlGaN resistivity and maximize p-

AlGaN reflectivity have been detailed. However, the main lesson learned here is 

that the approach of improving the quantum efficiency alone is insufficient and 

must be coupled with approaches to improve the voltage efficiency and the 

processing reliability. Of course, achieving both objectives simultaneously is not 

a trivial task and depend on devising even more innovative and resilient methods 

in fabrication, packaging and encapsulation. On the growth side, it seems that 

the hole injection inefficiency is still the limiting factor, so, tunnel junction and/or 

reflective photonic crystal could be an alternative solution that can potentially 

break the classical tradeoff between hole injection and light absorption in UV 

LED structure, in addition to improving the injection uniformity. 

Finally, it does not seem that AlGaN growth requires higher growth 

temperatures than those used in GaN growth. Growing AlGaN at higher 

temperatures has the advantages of ensuring smooth surface morphology and low 

impurity uptake, however, we have shown that AlGaN films can be grown as low 

as 1050 ºC without compromising the impurity uptake, surface morphology or 

cation vacancies.121 We have already shown that higher growth temperature 

triggered a multitude of undesired kinetical processes including significant Mg 
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backdiffusion from p-AlGaN to the active region and lower dopant activation 

efficiency.139 Recently, we observed deterioration of MQW interface at when 

grown at higher temperature. Our experiments collectively suggest that higher 

growth temperature is not necessarily needed for AlGaN growth, the 

enhancement in material purity usually gained by growing at higher temperature 

will likely be offset by a series of thermally-assisted diffusions and stress. 

Certainly, the lower limit of AlGaN temperature is reactor- and application-

dependent, but for UV LEDs will be typically bounded by the rise in carbon 

uptake. This work summarizes the growth details of the UV LED active region 

and structure. Further improvement may be obtained by enhancing the hole 

injection uniformity through the use of UV-transparent tunnel junction and 

current spreading films such as gallium oxide. 
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Appendix: Point group C6v  

Wurtzite AlGaN point group is C6v in Schönflies notation (or equivalently 

6mm in the international notation). The abstraction of the crystal symmetry into 

mathematical representations, though complicated, allows classifying and 

“grouping” the high-symmetry objects into well-defined groups (using irreducible 

representations) and mandates the use of some of the powerful theorems and 

tables of group theory such as matrix element theorem and character tables of 

point groups. For instance, wurtzite point group C6v may be thought of as a direct 

product of groups C3v and C2. 

This appendix some of the symmetry operations and character tables of the 

C6v group that was derived by G. Koster et al in their publication (Properties of the 

Thirty-two Point Groups)192 in 1963 and now can be found in many group theory 

standard textbooks. The appended tables are adopted from Semiconductor optics 

(Ch. 26).  
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Γ1 to Γ9 in the character table are called irreducible representations of the 

group C6v. In the table, C3 denotes 3-fold about the 𝑐 − axis  whereas 𝜎 denotes a 

reflection operation. The basis functions in the character tables describe the 

symmetry of the valence band and excitons in AlGaN. Note that that these basis 

functions were mathematically-derived long before the development of AlGaN 

semiconductor, which demonstrates the value of applying group theory in solid-

state physics. 

The column that is headed by E in the character table describes the 

degeneracy (or dimensionality), for example, Γ1 and Γ4 have a degeneracy value of 

1, whereas Γ7  and Γ9  are twofold-degenerate, in other words, Γ1  can be 

represented by a scalar (i.e. 1) or 1-d variable such as z, whereas Γ5 has twofold 

degeneracy and therefore must be represented by a vector or 2-d  variables. The 

choice of basis functions is arbitrary, and many basis functions can be formed as 

long as it satisfies all the symmetry operations of character table. One can see 

that no element in point group C6v can have a degeneracy more than 2. The 

multiplication table informs us whether a certain perturbation process will break 

the band degeneracy and result in a band splitting or not. If more than one 

representation appears as a result of the direct product, this implies that the 

degeneracy has been broken and energy band has been split. For example, the 

GaN VBM has Γ5–symmetry if spin effect is neglected. To account for the spin-

orbit effect to the VBM band in GaN, we need to evaluate the direct product 

between Γ5 and the spin group representation D1

2

 structure splits the Γ5 into Γ7 
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and Γ9 such as (the product result is tabulated in the multiplication tables of point 

group C6v) : 

Γ5 X D1

2

 = Γ7 + Γ9  

Clearly, the direct product broke Γ5 degeneracy and splits into two 

subbands Γ7  and Γ9  as shown in Figure 1.6, this is known as the spin-orbit 

splitting.193 Note that Group theory only predicts the degeneracy and splitting, 

but does not specify the energy difference. Likewise, it predicts the allowed and 

forbidden optical transitions and set selection rules for the polarization but does 

not predict the rate or the strength of the radiation. 

In group’s theory model, emission of photon is treated mathematically as a 

multipole expansion problem where both electric dipole transition and magnetic 

dipole transition are considered. When the photon wavelength (λ = 280 nm) is 

much larger than the atomic radius (λ >> r), only electric dipole transition is 

considered, and magnetic dipole and electric quadrupole terms are negligible (i.e. 

electric dipole approximation).194  

Number of symmetry elements 12 

Number of irreducible representations 6 (with no spin) 

9 (with spin) 

Number of distinct subgroups 6 

Polar Yes 

First nonvanishing multipole195 Dipole 

Dipole-active representations Γ1+Γ5 
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The tables below are reprinted from Chapter 26 in Semiconductor optics.54

 


	Chapter 1: Introduction to AlGaN-based UVC LED
	1.1 Orientation
	1.2 Ultraviolet Germicidal effect
	1.3 Introduction to AlGaN
	1.4 UVC Sources
	1.5 State-of-the art UVC LEDs
	1.6 Application of UVC LEDs
	1.7 Structure of Group III-Nitrides
	1.8 Challenges of AlGaN-based UVC LED
	(a) Crystal quality
	(b) Hole injection
	(c) Light Extraction
	(d) Thermal management
	(e) Packaging and encapsulation:


	Chapter 2: Growth and characterization of AlGaN
	2.1 Introduction:
	2.2 Growth Reactor
	2.3 Growth Substrate
	(a) Criteria for substrate choice
	(b) Buffer Layer AlN
	(c) Techniques to reduce dislocations
	(d) Impact of substrate miscut
	(e) Spontaneous and piezoelectric polarization

	2.4 Characterization methods:
	(a) Atomic Force microscopy:
	(b) Secondary Ion Mass Spectrometry
	(c) X-ray diffraction
	(d) X-ray reflectometry
	(e) X-ray photoelectron spectroscopy
	(f) XRR v.s. 𝝎-𝟐𝜽  XRD for AlGaN heterointerface characterization:

	2.5 Analysis of AlGaN composition:

	Chapter 3: Optimization of AlGaN growth
	3.1 Kinetics of AlGaN growth
	3.2 AlGaN cracking
	3.3 n-doping of Al-rich AlGaN
	3.4 DX-transition of silicon in Al-rich AlGaN
	3.5 p-doping of Al-rich AlGaN

	Chapter 4: Optimization of MQW growth
	4.1 Important aspects of active region design
	4.2 Optimization of growth parameters
	(a) Growth rate calibration
	(b) MQW thickness
	(c) MQW smoothness
	(d) Important aspects of MQW growth:

	4.3 MQW Interface engineering

	Chapter 5: LED performance and future work
	5.1 Introduction to TFFC process
	5.2 Optimization of the n-contact conductivity
	5.3 Optimization of p-contact reflectivity
	5.4 Ti- assisted indium gold bonding
	5.5 LED performance
	Future work:
	5.6 Conclusion

	References:
	Appendix: Point group C6v



