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Abstract

The study of nitride semiconductor materials (AlN, GaN and InN) has gained

research momentum after breakthroughs in light-emitting diodes (LEDs) and

laser diodes (LDs) based on III-V nitrides. As a result, this technology will

play an increasingly important role in the lighting technology and will be-

come the dominant light sources in the future, positioning itself to replace

fluorescent lamps and incandescent bulbs. The characteristics of nitride ma-

terials that are lacking in conventional light sources are being compact, has

long-lifetime, high-luminescence efficiency, and quick response time. The

research in nitride semiconductors have always been focused on the visible

region or using GaN and InN. The research became even more attractive es-

pecially when several growth-related issues have been addressed. Since then,

the growth technology has advanced and high-efficiency LEDs and LDs in

the visible region has become available.

Unlike GaN and InN in the visible region, research on AlN into the ultra-

violet (UV) region came in much later. The strong interest in the study of

this material was fueled by its several important applications. UV emitters

are considered as the next-generation data storage, which have the capability

to store more data (high-density) than that emitting in the blue region. It

is also aimed for water purification where biological organisms have never

developed a tolerance at wavelengths below 290 nm (UVC), as well as for air

disinfection. When realized, the purification of water will have an enormous

impact especially in areas where there is a scarcity of clean water supply. UV

emitters also do not require any complicated attachments thus it can be used

with ease and simplicity. For medical application, UV emitters also have the

potential to treat skin diseases. UV emitters based on LEDs and LDs are

rugged and safe, in contrast to the existing UV sources (mercury, xenon, and

deuterium lamps) where larger operating voltage is required and the danger

it poses to the environment.

The applications of UV emitters are indeed enormous. But just like the

case of InGaN during its early development stage, realizing the full potential
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of AlGaN to tune the emission wavelength is also hindered by the inferior

quality of the epilayer. So far, the recorded highest external quantum effi-

ciency has only achieved a dismal 0.2% - much lower than that recorded in

blue LED, which was about 75%. Therefore the improvement of its quality

is of utmost importance and intensive research effort is necessary if it is to

catch up with InGaN. Just as its potential applications are waiting to be re-

alized, enormous efforts are also needed to achieve the pervasive high-quality

AlN.

Among the interesting properties of AlN is related to optical polarization

properties, where the crystal-field split energy is negative compared to the

positive value in GaN. Because of this, the emission polarization is different

between these materials. This optical polarization property in AlN has not

been studied fully. More interestingly, the combination of AlN and GaN is

expected to have a component of AlN-like and GaN-like properties. Thus,

delineation between these two properties must be understood well.

Obtaining high-efficiency AlGaN-based UV-emitters is perceived difficult

to achieve. Though the first step, which is by improving the AlN has shown

some remarkable progress in the past, moving on to the fabrication of the

active layer has proven even more difficult. Aside from the knowledge of

the fundamental optical properties of AlN and GaN, the optical properties

of the Al-rich ternary AlGaN alloy formed from these binary alloys are still

unexplored. With the aim of 100% emission efficiency, the fundamental prop-

erties of these materials must be understood well. Finding for an appropriate

method in fabricating both AlN and AlGaN/AlN quantum wells (QWs) is

hoped to pave the way for a better understanding of the structural and the

optical properties of AlN and AlGaN/AlN QWs structure.

Finding the solution for these issues might not be too big a task. Some

hints or even answers can be found from GaN. Taking on the challenge, in

this thesis, one of the main purposes of this study is to fabricate AlGaN/AlN

QWs emitting at deep-UV (DUV) spectral region (λ < 290 nm). To achieve

this, a new method based on MOVPE is introduced and called modified MEE

- hybridized from MEE and the conventional simultaneous source-supply

method, such that the latter is inserted in-between the former. Then this

method is adopted for the fabrication of AlGaN/AlN QWs. The systematic

study of the structural and optical properties both for AlN and AlGaN/AlN

is performed.

Indeed, a systematic approach is needed to address the issue of low-quality

AlN and AlGaN epilayers. Focusing on AlN, the new developed method is
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used and characterized in terms of the initial nucleation stages where the

propagation of dislocation starts, and the diffusion mechanism of Al adatom.

Several structural characterizations were performed as well as photolumines-

cence (PL) studies for probing the optical properties. This is explained in

Chapters 2 and 3.

After the growth of AlN epilayer, studies on the fabrication of AlGaN/AlN

QWs were then performed. The issue of poor quality is addressed by utilizing

modified MEE method, which was developed for AlN epilayer. Indeed the

quality has been successfully enhanced as confirmed by the observation of

intense PL emitted from the QW layers. This promising results could pave

the way for the study of AlGaN/AlN QWs. Issues on AlGaN/AlN QWs

fabrication and optimization is found in Chapter 4.

Towards its application in the DUV emission, the optical polarization

characterization in AlGaN/AlN was performed. It showed that an intense

surface emission can be achieved at wavelength as short as ∼220 nm, due

to quantum confinement and strain effect. The mechanism of optical polar-

ization anisotropy is explained in detail in Chapter 5. Thus, improvement

on the quality of AlN and AlGaN/AlN epilayer is the pandora’s box for the

better understanding of their optical properties.





Chapter 1

Introduction

1.1 Research Background

1.1.1 III-V Nitrides

Since the invention of the incandescent bulb by Thomas Edison in 1879, there

has been a continuous motivation to come up with less expensive, more re-

liable, and brighter lighting sources. Until today, widely-used light sources

are still based on filament and fluorescent lamps for interior illumination,

sodium-discharge lamps for street lighting, and neon signs for outdoor ad-

vertisements.

The most recent revolutionary lighting advancement was made possible

thanks to the light-emitting diode (LED) based on III-V compound semi-

conductor materials, as shown in Figure 1.1. Initially demonstrated in 1962,

the LED [1] and the laser diode (LD) [2, 3] were then used in such diverse

applications as optical-fiber communication networks, instrument-panel in-

dicators, CD optical-storage technology, laser printers, and automobile tail

lights. Originally for red LEDs, other LEDs having yellow, orange, and

amber colors with high-emission efficiencies superior to incandescent lamps

became commercially available by the early 1990’s [4]. Still with the goal of

achieving 100% emission efficiency, research has never been more challenging

as devices have started to be grown on unconventional surface planes to over-

come the drawbacks (e.g., QCSE) observed in conventional c-planes. With

the improvement on growth technologies, LEDs and LDs are expected to in-

filtrate the full-color outdoor display, traffic signal, and automotive interior

and exterior lighting markets

However, while the technological growth of red and yellow LEDs were very

rapid in the past decades, the push to extend the emission into the short
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Figure 1.1: The lattice constants (a0) of binary III-V semiconductors com-
pounds plotted against their corresponding bandgap energy and wavelength
at room temperature.

wavelength region of the visible spectrum (from green to ultraviolet) has

proven very challenging. Although successful attempts to make LEDs and

LDs with SiC and II-VI materials (e.g., ZnSe) have been made, the practical

applications of such devices were diminished by its low efficiency and the

short device lifetimes in the II-VI materials due to the relative ease of defect

formation. This has opened the door to look for other materials. And true

enough, it brought considerable interest for the III-V nitride materials with

the wurtzite crystal structure (GaN, AlN, InN, and their alloys), as shown

in Figure 1.1. Since the electronic band structure for each of the nitride

materials possesses a direct transition with a band gap energy ranging from

0.7 eV [5] for InN, to 3.4 eV for GaN, to 6.1 eV for AlN at room temperature

as well as a fairly high thermal conductivity, the (AlIn)GaN system has been

explored in the areas of high-power and high-temperature electronic devices

and short-wavelength (visible and ultraviolet) optoelectronic devices [6].

The effort to produce and characterize the nitrides materials began more

than 30 years ago at several research facilities, such as AT&T Bell Labora-

tories, IBM Thomas J. Watson Research Center, and RCA. These research

facilities were actively pursuing the research due to the potential for produc-

ing surface acoustic wave devices, blue lasers, and LEDs. However, most of

these programs were eventually canceled due to the inability to solve several

key technological problems that hampered the development. The problem
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at that time was the unavailability of suitable bulk-crystal technology for

producing GaN substrates. As the case today, epitaxy was done on highly

lattice- and thermal-expansion-mismatched substrates such as silicon, gal-

lium arsenide, and sapphire. Therefore the resulting heteroepitaxial films

were highly-defected with 1010 dislocations/cm2, and highly conducting as

a result of defects and impurities [7]. The films also exhibited poor surface

morphology because of the non-optimized growth parameters used.

It was not until the mid-1980’s that these problems started to be over-

come, due in large part to the efforts of Isamu Akasaki at Nagoya and

Meijo Universities and a group led by Shuji Nakamura at Nichia Chemi-

cal Company. The use of thin, low-temperature AlN [8] and, later, GaN [9]

buffer layers facilitated the growth of high-quality GaN films which were

free of cracks on sapphire substrates by metalorganic capor phase epitaxy

(MOVPE). Along with this, remarkable improvements in the electrical and

optical properties were demonstrated. Another monumental breakthrough

was the first successful production of p-type GaN by low-energy electron-

beam irradiation (LEEBI) of magnesium-doped GaN, which in the as-grown

state exhibits high resistivity [10], resulting in the first demonstration of

GaN electroluminescent device based on a p-n junction. Subsequently, it

was shown that magnesium-doped GaN could also be made conductive by

thermal annealing in a N2 ambient at a temperature of about 600 ◦C [11].

These developments, along with the fact that light-generation processes in the

nitride material seem unaffected by the high dislocation density commonly

found in the epitaxial films, have allowed the demonstration and commer-

cialization of high-brightness blue and green double heterostructure [12] and

single quantum well (SQW) [13] LEDs in the past few years as well as the

demonstration of the first violet (∼420 nm) room-temperature, continuous-

wave (CW) LD in 1996 [14].

1.1.2 Towards Ultraviolet Emitters and Applications

Since the first successful fabrication of high-efficiency light-emitters in the

visible range and due to its matured technology, the research trend is now

shifting towards lower emission wavelengths or into ultraviolet (UV) region

(Figure 1.2). Apart from the conventional polar plane, research in the visible

region using InGaN-based devices are the ones leading the fabrication using

non-polar planes where its merit is the elimination of quantum-confined stark

effect (QCSE) in QWs fabricated using conventional polar plane [15].
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Figure 1.2: Current research trend in the study of III-V nitrides. While the
visible region has improved by leaps and bounds in terms of epitaxy and
efficiency, the ultraviolet region has just started attract interests. As shown,
the foremost concern to obtain high-efficiency UV devices is to improve the
material.

AlN is the most suitable material among the III-Nitride materials in re-

alizing its applications in the ultraviolet region. In the UV region, the can-

didate active layer materials are AlN and GaN and their alloys. AlN is a

choice template layer for AlGaN/AlN quantum well active layer structures

because of its smaller in-plane lattice parameter a0 relative to AlGaN, and

because it is transparent to up to λ > 200 nm. However, moving into shorter

wavelengths requires increasing Al incorporation into the matrix material.

Due to the small lattice constant of AlN, it produces tensile stress leading to

cracking in the AlGaN layer. Since it was only recently that Al(Ga)N was

given attention to, there are interesting properties for this material awaiting

to be uncovered.

The electromagnetic spectrum is divided into regions based on the wave-

length of radiation. For UV region, it is defined as the wavelength range

from 10 nm to 400 nm. The ultraviolet region is further sub-classified into

four regions, as shown below. The existing UV emitters use mostly a mixture

Classification of Ultraviolet (UV) Emission Wavelength (nm)
Vacuum UV 10-200
UV-C (Short wave) 200 - 290
UV-B (Medium wave) 290 - 320
UV-A (Long wave) 320 - 400
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of gases to emit a monochromatic light (gas lasers), metal-vapor discharge

(metal-vapor laser) as the gain medium, or gas-discharge as another light

source. These include ArF excimer gas lasers (emission wavelength, λ = 193

nm), Hg vapor discharge lamps, D2, Xe, KrCl, and XeCl lamps. However,

gas mixtures and vapor discharge sources are harmful to the human health

and the environment, aside from the low gas lifetime. Because of these un-

desirable components of conventional UV emitters, solid-state light-emitting

diodes and laser diodes are the promising replacements because they are

safe, compact, maintenance-free, and have long-lifetime with high-emission

efficiency.

Though in its early stage, the research into UV emission range is fueled

by their potential applications in air- and water-purifications, germicidal and

biological instrumentation systems, and in future technology. Among them

include: white light semiconductor emitter, which can be done by employing

phosphors, high-density optical recording and DUV DVD. For areas where

access to clean water is scarce, DUV can be used for treating the water at a

large-scale without the need for a sophisticated or bulky accessories to set-up

the DUV emitters. For medical use, light-sources in the DUV range are also

being used to treat skin diseases.

1.2 Challenges and Current Status of AlN

1.2.1 History of AlN

Table 1.1 enumerates the important achievements in the study of AlN with

the exception of the milestone achievement led by Dr. Nakamura at Nichia

Chemicals in their study of blue LEDs [18], and the Migration Enhanced

Epitaxy of GaAs [16] which paved the way for alternating supply of pre-

cursors in growth. Most of these achievements are related to improving the

quality of the epilayer where some groups have introduced auxiliary steps to

improve its quality. For example, a two-step approach - by initially grow-

ing a low-temperature buffer layer and then growing the epilayer at a higher

temperature was able to significantly improve the quality of the epilayer [8].

Then other methods were also developed and were based on the alternating

supply of precursors [17, 19, 20, 24], which was first employed for GaAs [16].

Continuous improvements in AlN are still going on. In fact growth at much

higher temperature has already been explored [23]. On the other hand, a

remarkable feat was achieved when an AlN p-i-n junction LED was demon-



6 Introduction

strated to emit at 210 nm [21].

Table 1.1: Significant Achievements in AlN Research
Year Key Achievements Group
1986 Low-temperature AlN buffer layer [8]
1986 GaAs/AlGaAs Migration Enhanced Epitaxy [16]
1993 Pulsed Atomic-layer epitaxy for AlN and AlGaN [17]
1993 High-Brightness InGaN/AlGaN DH Blue LED [18]
1999 AlN and AlGaN QWs Alternate Source-Feeding Epitaxy [19]
2003 Flow-Rate Modulation Epitaxy of AlN and AlGaN [20]
2006 210 nm AlN LED (ηext=10−6 %) [21]
2006 RT Stimulated Emission at 214 nm [22]
2006 High-Temperature Growth (>1300 ◦C) [23]
2008 227 nm AlGaN LED by Multi-buffer layer (ηext=0.2 %) [24]

1.2.2 Current Status of AlN

The absence of defect-free bulk substrates has led to the growth of AlN on

foreign substrates such as sapphire and SiC [25–27]. It is well known that this

heteroepitaxial growth generates high-density threading dislocations, which

consequently affect the radiative property the subsequent device [28]. Al-

though recently an emission at 210 nm under current injection has been

demonstrated, the external quantum efficiency remains extremely low (10−6

%) due to the high dislocation density which originates from the heteroepi-

taxial growth of AlN epilayer and SiC [21]. An AlN layer with a smooth

surface and a low defect density is a pre-requisite to realize high-efficiency

devices.

To obtain high-quality AlN, several growth methods were proposed. Al-

though high-temperature growth above 1300 ◦C has been demonstrated to

considerably improve film quality, [23, 29] issues such as impurity doping

may pose problems. Another option is an alternating supply of group III

and V source precursors, which enables growth at 1200 ◦C [19, 20, 30–35].

Migration-enhanced epitaxy (MEE) has realized high-quality AlN by enhanc-

ing Al adatom migration and consequent lateral growth [33, 35]. The full-

width at half-maximum (FWHM) of a (0002) x-ray diffraction (XRD) ω-scan

can be as narrow as 50 arcsec [33]. A modified MEE, which is characterized by

a combination of simultaneous source supply and conventional MEE, has also

been proposed [31, 34]. In addition to source flow sequences, the nucleation

layer appears to be a key factor for obtaining high-quality epilayers; in fact,

low-temperature (LT) [33, 35] and high-temperature [31, 34] AlN have been
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employed, although some research groups did not use either of these [27,29].

Such a fragmentary understanding of the AlN growth is, we believe, largely

due to the lack of investigations on the initial stages of growth.

1.3 Status of AlGaN/AlN Quantum Wells

By sandwiching a thin layer of one semiconductor between two layers of

another semiconductor with greater band gap, it is possible to create a dis-

continuity in the conduction and valence band edges. Whereas in the bulk

material the electrons and holes are free to move in three dimension, in this

structure called quantum well (QW) structure, electrons and holes are con-

fined in one dimension and they are free to move only in two dimension (two

degrees of freedom). The confinement of electrons and holes respectively

in the conduction and valence band by the potential barriers at each side

due to the discontinuity quantizes the states along the direction of confine-

ment. Therefore this enhances the recombination of the carriers thereby the

emission efficiency.

The ultimate goal for improving the quality of AlN is for it as to serve as

template for fabricating the active AlGaN/AlN quantum well layer. When

AlN has a reduced defect density, the generation of defects from AlN into the

active layer is also reduced. Thus the non-radiative recombination centers

(NCR’s) which are the culprit in achieving high-efficiency UV emitters are

also suppressed .

However, the fabrication of high-Al content AlxGa1−xN/AlN QWs has

been found difficult with increasing Al incorporation. AlGaN-based multiple

QWs achieving the highest external quantum efficiency of (ηext) of 0.2 % [24]

so far has already been demonstrated. Yet, this recorded efficiency is still

very low compared to that obtained in InGaN QWs. Moreover, an In-free

UV laser diode emitting at 342.3 nm was demonstrated recently. This device

uses MQWs of Al0.04Ga0.96N surrounded by Al0.14Ga0.86N barrier layers [36].

Although the wavelength is only a small step lower from the previous record

of 343 nm [43], this hails as a milestone toward making shorter-wavelength

devices.

1.3.1 Unique Property in AlN and AlGaN

An interesting optical property is expected for AlN and AlGaN. This is be-

cause of the fact that its optical properties are directly related to their valence
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band structure where it is split both by the spin-orbit interaction (δso) and

by the non-cubic crystal-field (∆cr) splitting energy [37–41] near the Γ point

in the Brillouin zone, leading to the three states from the top are: Γ7, Γ9 and

Γ7. On the other hand, because of the positive ∆cr in GaN, the valence band

order from the top is: Γ9, Γ7, and Γ7. Because of this, the transition between

the lowest conduction band and top-most valence band is different between

AlN and GaN where in AlN, the Γ7 is the crystal-field split off hole and (CH)

governed by the pzlike state, and the Γ9 in GaN is the heavy hole (HH) band

governed by px-and py-like states. This optical selection rule influences the

optical properties of AlGaN alloy, where the emission from high-Al content

AlxGa1−xN is expected to be polarized along the c-axis (E ∥ c) while the

low-Al content AlxGa1−xN is expected to be polarized perpendicular to the

c-axis (E ⊥ c). This optical polarization anisotropy in AlxGa1−xN is has

been demonstrated in thick AlxGa1−xN layers, where the emission polariza-

tion switch from (E ⊥ c) to (E ∥ c) at x = 0.25 [42].

The result of this observation implies that a weak surface emission can

be obtained from c-oriented Al-rich AlxGa1−xN. This is a draw-back for

DUV surface-emitting devices such as LED. In order to observe intense sur-

face emission in Al-rich AlxGa1−xN, fabrication along non-polar planes are

strongly considered. However, this is hampered y the growth technology

along this planes which is still in infancy. One of the aims of this study is to

study the optical polarization properties in AlGaN/AlN QWs. To do this,

the QWs will be grown on sapphire substrates.

1.4 Research Purpose/Motivation

The main purpose of this study is to fabricate an AlGaN/AlN QWs emitting

at DUV spectal range. To achieve this, first, the quality of the AlN tem-

plate must be improved first. This is done by using modified MEE - which

is hybridized from MEE and the conventional simultaneous source-supply

such that the latter is inserted in-between the former. Then this method is

adopted for the fabrication of AlGaN/AlN QWs. The systematic study of

the structural and optical properties both for AlN and AlGaN/AlN will be

performed.

Obtaining high-efficiency AlGaN-based UV-emitters has been perceived

difficult to achieve. Though the first step which is by improving the AlN has

shown some remarkable progress, moving on to the fabrication of the active

layer proved more difficult. Aside from the knowledge of the fundamental
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optical properties of AlN and GaN, the optical properties of the ternary

AlGaN alloy formed from these binary alloys are still completely unexplored.

With the aim of 100 % emission efficiency, the fundamental properties of

these materials must be understood in detail. The introduction of a new

method in fabricating both AlN and AlGaN/AlN QWs is hoped pave the

way for a better understanding of the structural and the optical properties

of AlN and AlGaN/AlN QWs structure.

1.5 Thesis Outline

In this thesis, the structural and optical characterizations of AlN and Al-

GaN/AlN QWs are presented. The contents are systematically divided into

five chapters, as explained below.

Chapter 1 gives the history of III-V nitride semiconductor research from

its humble beginning to its remarkable achievements throughout the years.

Then a short overview is given on the current research trend in III-V nitride

materials which is the visible region. As trend of the the future which is the

ultraviolet region, the current status on AlN - being the widely-researched III-

V semiconductor material, is presented. In this chapter also, the interesting

optical property of AlN is briefly discussed. Towards the end of this chapter,

the purpose and motivation of this study are presented.

Chapter 2 focuses on the fabrication of high-quality AlN epilayer. This

is done by comparing the structural quality of AlN grown by conventional

simultaneous method and MEE. Judging from the compromising structural

qualities of AlN, a hybridized method based from the former two m are intro-

duced and used to fabricate AlN. As it turned out to have better structural

quality, the reason for such is investigated and the clue is found through their

initial nucleation stages. Thus, the initial stages of the three methods are

compared. Discussions on this matter is throughly presented.

Chapter 3 elaborates on the optimization of growth parameters to obtain

high-quality AlN by modified MEE. These growth parameters are growth

temperature and the ratio of the source precursors. Then several analysis

are performed to assess the epilayer quality such as AFM, x-ray measure-

ments, an chemical etching. The optical properties are also evaluated by

photoluminescence (PL) measurements.

After confirming the quality of the AlN epilayer, fabrication of a quantum

well structure is performed and elucidated in Chapter 4. For this fabrication,

the modified MEE method is used. By changing the growth temperature for



10 Introduction

QW fabrication the Al incorporation is varied such that Al composition x >

0.69 is obtained (Al-rich AlxGa1−xN/AlN QWs). The successful fabrication

of QW layers are confirmed by XRD measurements - estimating the Al com-

position and well dimensions then confirmed further by x-ray rocking curve

simulation. At the end of this chapter various optical characterizations are

performed and are listed down in this chapter.

To examine the unique optical properties in AlGaN, In chapter 5, the opti-

cal polarization anisotropy of AlN and Al-rich AlxGa1−xN/AlN are performed

by PL. By this study an interesting results on the polarization property is

discovered. This is related to the enhancement of the surface emission of c-

oriented Al-rich AlxGa1−xN/AlN QW devices. A simple model is presented

and it agreed very well with the calculation after considering the in-plane

compressive strain and quantum confinement due to narrow wells and/or

internal electric fields.
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Chapter 2

Effect of Growth Methods on

the Crystalline Quality of AlN

This chapter discusses the growth of AlN on sapphire substrates by different

methods - all based on metalorganic vapor phase epitaxy (MOVPE). Firstly,

a brief background about MOVPE growth method will be discussed. Sec-

ondly, the growth of AlN by conventional simultaneous source-supply method

and its modification by alternating the trimethylaluminium (TMA) and NH3

precursors, a method which is called Migration Enhanced Epitaxy (MEE),

will be presented. Lastly, judging the structural qualities of the epilayer ob-

tained from these conventional and MEE methods, a new growth method will

be proposed and the differences in their structural quality will be correlated

to their initial growth stages.

2.1 Metalorganic Vapor Phase Epitaxy

2.1.1 Introduction

In this study, the AlN epilayers were grown by metalorganic vapor-phase

epitaxy (MOVPE) method. MOVPE is a chemical vapor deposition process

used for growing epitaxial layers from the surface reaction of or source gases

and NH3. For the case of Al(Ga)N growth, trimethylaluminum [(CH3)3Al:

TMA] and trimethylgallium [(CH3)3Ga: TMG] are used as metalorganic

sources. For the growth of AlN, TMA is carried by H2 gas into the reactor

and made to react with NH3. This simple reaction can be expressed as

Al(CH3)3(vap) + NH3(gas) → AlN(s) + 3CH4 ↑ . (2.1)



18 Effect of Growth Methods on the Crystalline Quality of AlN

������ ��� � ��

��� � � �

�
��

�
��

� �

���

���

�� ���	
	��
�� ���	
	��

� 	 � 
 	 � �
 	 � � 
 � ���

�
��

�

���

�  �� � � �

Figure 2.1: (a) Image of Metalorganic Vapor Phase Epitaxy (MOVPE)
growth machine used in this study to grow AlN (and AlGaN/AlN) epilayers
and, (b) the schematic of MOVPE machine.
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The advantage of MOVPE over other techniques is the suitability for

large-scale production and its versatility where virtually all III-V and II-VI

semiconductor compounds and alloys can be produced [1]. Figure 2.1 shows

the schematic of MOVPE used in this study. The metalorganic precursors

are kept in a bubbler where the bubbling temperature is controlled. The

H2 gas carries the vapor into the reactor. In a separate line NH3 gas is

introduced. The separate flow of these sources into the reactor is to minimize

gas-phase pre-reaction of precursors. To prevent desorption from the wall of

the reactor, a cold-wall type reactor is used. The reactor is made of quartz

and the design is such that a hollow between the outer and inner reactor walls

is for the purpose cooling water circulation. Also, the reactor is a vertical

type where all the sources are positioned to enter from the top of the reactor.

The exhaust gases (H2, N2, and MO by-products) are treated accordingly in

a scrubber before they are released into the atmosphere.

2.1.2 Modification of MOVPE Operation

The MOVPE used in this study has the capability to be controlled semi-

automatically. When one wishes to modify or employ a new growth method

by alternating the sources, it can be done with ease. A computer terminal can

be connected to the circuit board in the MOVPE where the operation of each

precursor valve can be controlled by a computer program. For the case of AlN

and AlGaN growth, TMA line, TMGa line and NH3 line can be controlled

according to what is specified in the program. This in turn allows for the

modification of supply sequence of each TMA, TMG and NH3 precursors. In

this study, the continuous source-supply of precursors normally employed in

conventional MOVPE is modified by alternating the introduction of source-

precursors into the reactor.

The computer program is created from Labview of National Instruments

[2]. The program is designed in such a way that the sequential supply pre-

cursor (e.g., which goes first into the reactor) can be controlled. Then the

duration time of each precursors is also controlled independent from one an-

other. Since the “triggering”of each valve takes time, it is made sure that the

duration time for each valve is above this minimum response time of 0.5 s.

For AlN growth, there are four independent valves that must be controlled.

These are: TMA Run valve, TMA vent valve, NH3 run valve, and NH3 vent

valve. For the “run” valve, the corresponding precursor goes into the reactor

while for the “vent” valve, it does not go into the reactor but into the “vent”



20 Effect of Growth Methods on the Crystalline Quality of AlN

Figure 2.2: The Labview program for controlling independently the individ-
ual tasking of TMA and NH3 precursor valves.

line. A simple program made using Labview is shown in Figure 2.2.
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2.2 Metalorganic Vapor Phase Epitaxy of

AlN

In this section, the growth of AlN by MOVPE will be discussed. As men-

tioned, the conventional simultaneous source-supply method will be used at

first, then because of the compromising structural quality of AlN, migration

enhanced epitaxy (MEE) technique will be introduced. However, the quality

of the epilayer by MEE is still inferior and at this time, new method will be

developed.

2.2.1 Simultaneous and Migration Enhanced Epitaxy

of AlN

The simultaneous supply method is, as the name suggests, the continuous

supply of precursors (e.g., TMA and NH3) without interruption until the

desired thickness of the epilayer is achieved. This method is exhaustively

used even beyond MOVPE (i.e., MBE and HVPE) being simple and does

not require any special accessory to carry out the task. This method is

schematically shown in Figure 2.3.

For the improvement of AlN, this conventional technique was used to

grow AlN epilayers at growth temperatures above 1400 ◦C [3]. At these

high temperatures, a relatively thick AlN of up to 10 µm was grown with an

atomically-smooth surface. However, the crystalline quality as measured by

the ω-scan (XRC) full-width at half-maximum (FWHM) of symmetric (0002)

plane was 446 arcsec, which is longer compared to those grown at lower tem-

peratures by using the same method [4–8]. Also, problem with doping could

be a problem when fabricating an active layer such as AlGaN/AlN quantum

wells where the efficiency of Ga incorporation in the well layer becomes dras-

tically reduced. Moreover, because high-temperature growth is employed,

the reactor must be re-configured to withstand such high temperatures.

For the case of alternating supply method, specifically, for AlN, NH3 is

supplied first for a certain time then followed by TMA. It is emphasized that

there is no overlap between each precursor thus this method can also be clas-

sified as perfectly alternating. An example of a perfect alternating supply

method is MEE. This method was first proposed for low-temperature growth

of GaAs and AlAs-GaAs quantum well structures [9]. The idea of alternating

supply of precursor emerged because of the large difference of the migration

of Ga even at low temperature regime, guaranteeing the high-quality epitax-
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Figure 2.3: The conventional simultaneous source-supply of TMA and NH3

precursors used to grow AlN. The characteristic of this method is, the simul-
taneous supply of precursor until the desired thickness is achieved.

ial growth. It was in the year 1992 that the this method was first applied

for AlN [10] at low-pressure (76 Torr). Because of this, the quality of the

epilayer was improved. Moreover, the growth was also performed at a tem-

perature as low as 750 ◦C but the optimum temperature was 1040 ◦C. Then

this method was used for the fabrication an atomically-smooth GaN-AlN

short-period superlattice (SL) structure [11]. By employing this method,

it further supported its effectiveness to improve the overall structural and

optical properties of AlN.

1s 1sNH3

Migration Enhanced 

0

FRNH3

1 cycle

TMA

0

FRTMA

0

1s

Migration Enhanced Epitaxy

1 cycle

time, s

Figure 2.4: Alternating supply sequence of TMA and NH3 in MEE. This
method was first applied in GaAs and AlAs-GaAs system then eventually
adapted for AlN growth.
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2.2.2 New Approach for the improvement of AlN

It has been reported that the benefit of the separate supply of precursors is

to take advantage of rapid migration of Ga [9] thus allowing the growth to

be performed even at low temperatures. On the other hand, based on the

results by Khan et. al [12], a smoother surface obtained was attributed to the

enhanced surface migration (λ) of Al adatoms. Moreover, they also reported

a reduction of pre-reaction between TMA a NH3 and an increase of growth

rates. However, no qualitative evidences supporting those observations above

were presented thus leaving a room for clarifying this important issue.

The need for migration enhancement of adatoms in III-V nitrides is due to

their differences in cohesive energies. Their respective cohesive energies per

bond are 2.88 eV (63.5 kcal/mol), 2.20 eV (48.5 kcal/mol) and 1.93 eV (42.5

kcal/mol) for AlN, GaN and InN, respectively [14]. Among these nitrides,

AlN has the highest cohesive energy therefore Al adatoms easily react with

nitrogen. Because of this, the migration length is expected to be much lower

for AlN than the other two materials. This smaller migration length results

in rough surface morphology which compromises the device performance and

crystalline quality.

To enhance the surface diffusion of Al adatoms, an effective way is to

increase the growth temperature of AlN. It is known that diffusion is an

activated process and generally follows an Arrhenius-like behavior:

D(λ, T ) = D0 exp (−Ea

kT
), (2.2)

where D(λ, T ) is the diffusion coefficient; Ea is the activation energy barrier

; T is the absolute temperature and D0 is the pre-exponential diffusivity con-

stant. From this diffusion coefficient D(λ, T ), the average migration length

λ of adatom can be determined by

λ =
√
Dt. (2.3)

Growth of AlN epilayer was performed at high-temperatures between 1300
◦C and 1600 ◦C on sapphire substrates [3]. It was reported that a successful

achievement of high-quality and thick (>10 nm) AlN. However, when the

growth temperature was more than 1450 ◦C, the morphology deteriorated.

Thus, the optimized temperature was chosen to be 1400 ◦C. However, another

problem could arise during doping process where such high vapor pressure

may limit the incorporation of Ga species into the quantum well structure.

Moreover, the present designs of most common reactor are not ready for such
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high temperature growth. This may pose as a big issue when growing AlN

at such high temperature.

Owing to these problems, the alternating supply of precursors could be

the better alternative wherein growth at such high temperature can be pre-

vented. This method adopted for AlN growth is called MEE [15]. Though no

experimental evidence to support the enhanced migration, it was speculated

that this method enhances the diffusion length of Al adatoms. Furthermore,

in their technique, the Al diffusion is enhanced by pulse supply of NH3 in two

ways. Firstly, the lower NH3 to TMA (V/III) ratio enhances the Al diffusion

and secondly, by continuous supply of TMA during the off period of NH3,

the surface is saturated with Al thus further decreasing the Al entrapment on

the surface [16]. In addition, because of the alternating nature of precursor

supply, the gas-phase pre-reaction is also minimized.

2.3 Structural quality of AlN by Simultane-

ous and MEE

The quality of AlN is verified by growing the epilayer by MEE and simul-

taneous methods. Figure 2.5 shows the temperature profile used to grow

AlN epilayer. One growth cycle of MEE is composed of 1 s supply of NH3

followed by 1 s supply of TMA. This is repeated cyclically until ∼600-nm-

thick epilayer is achieved. As observed, no buffer layer was applied in this

study and the reason will be explained in Chapter 3. Expectedly, an opti-

mized growth condition was used as tabulated in Table 2.1. All throughout,

the total pressure was kept at 76 Torr. After placing the sample above the

susceptor, the temperature was ramped up to 1225 ◦C where annealing was

performed under the stream of H2 gas for 10 minutes. After thermal anneal-

ing, the temperature was brought down to 1200 ◦C. After temperature has

stabilized, the growth of AlN followed, where the flowrates of TMA and NH3

precursors used are shown in the inset of Figure 2.5.

The grown AlN epilayer has a thickness of ∼600 nm and their surface

morphologies were compared. The atomic force microscopy (AFM) (5 µm

x 5 µm ) images of their corresponding surfaces are shown in Fig 2.6. For

AlN grown by simultaneous method, an incomplete island coalescence is ob-

served, as demonstrated by large pits (∼10-50 nm). Also, the observation

by Nomarski microscopy showed that the Al particles were deposited on the

surface, as depicted by arrows in the figure. On the other hand, pits were
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Figure 2.5: Temperature profile of growth of AlN by (a) simultaneous source-
supply and, (b) MEE.

also observed in MEE but they are comparatively smaller than those found

in simultaneous supply. These pits were also observed in ∼300-nm-thick AlN

using the same growth method [12]. Such occurrence of pits were attributed

to the thin epilayer (∼300 nm). No Al particles were also observed in AlN

grown by this method. However, despite these defects found on the surface,

still, the surface roughness was atomically-flat. The surface root-mean-square

(RMS) roughness 0.52 nm for AlN grown by simultaneous supply while MEE

0.35 nm for MEE-grown AlN.

These observations suggest that AlN epilayer can still be improved by di-

Table 2.1: Optimized growth condition parameters used for growing AlN
epilayer by MEE and simultaneous supply.

Growth Parameters Optimized Values
Sample α-Al2O3 (4mm × 5mm)

Annealing Temperature 1220 ◦C
Growth Temperature 1200 ◦C

Total Pressure 76 Torr
TMA 4.11 µmol/min
NH3 893 µmol/min
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Figure 2.6: AFM surface morphology of (a) simultaneous source-supply and
(b) MEE. The Simultaneous source-supply method shows Al deposits while
MEE-grown AlN shows no premature deposits on the surface, as seen by
optical Nomarski microscope image.

rectly eliminating the structural surface defects (e.g., pits) and the deposited

Al particles. Obviously these will not be eliminated using the existing growth

methods. Therefore a new growth method is being proposed.

2.4 New Method: Modified MEE

As the realization of pit- and Al-free AlN can only be realized by using a

new growth method, in this section, a new growth method will be presented

as well its inception. During the conceptualization of a new growth method,

the idea of combining both the simultaneous supply and MEE came to light.

The combination was concocted such that the simultaneous supply is inserted

in-between the MEE. That is how the new came about. Since it was based

from MEE, it was called as modified Migration Enhanced Epitaxy, after

inserting the simultaneous supply in-between the MEE. The schematic of

modified MEE is shown in Figure 2.7. For modified MEE, one growth cycle

is composed of 2 s MEE (1 cycle) and 1 s of simultaneous supply, giving a 3

s per cycle.
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Figure 2.7: Schematic of modified MEE developed as the new growth method.

2.4.1 Comparison with Other Methods

Thus, the modified MEE was also used to grow ∼600-nm-thick AlN using the

same growth conditions used in simultaneous supply and MEE (2.1). First,

the growth rates of each methods were determined from the thickness the

epilayer. In modified MEE, 850 cycles (= 0.70 nm/cycle) were necessary to

grow ∼600-nm- thick AlN while 2750 cycles (= 0.22 nm/cycle)were needed

for MEE, and 1200 s (= 0.5 nm/s) for simultaneous supply. Thus, in terms

of monolayer (ML) growth, MEE obtains a growth of 1 monolayer per cycle

(1ML/cycle), 2 monolayer per second (2 ML/s) for simultaneous supply, and

3 ML/cycle for modified MEE. The summary of the growth rates is tabulated

in Table 2.2. Looking at the growth rate relationship among these three

methods, we can write this expression:

GRmodified MEE = GRSimultaneous +GRMEE, (2.4)

Table 2.2: Comparison of growth rates of simultaneous, MEE and Modified
MEE.

Growth Method Simultaneous MEE Modified MEE
Growth Rate 0.50 nm/s 0.22 nm/cycle 0.70 nm/cycle

Monolayer (ML) 2 ML/s 1 ML/cycle 3 ML/cycle

The side-by-side comparison by surface morphologies obtained by AFM
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measurements for AlN grown by simultaneous, MEE and modified MEE are

shown in Figure 2.8. Among these methods, modified MEE has achieved pit-

free and fully-coalesced AlN epilayer. The differences in the terrace widths

for AlN grown by different methods is due to the off-set angle of the sapphire

substrate.
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Figure 2.8: Side-by-side comparison of AFM surface morphologies of AlN
grown by Simultaneous, MEE and modified MEE methods.

Their structural qualities were also compared by measuring the x-ray

rocking curve (XRC) FWHMs of both symmetric (0002) and asymmetric

(1012) planes. As shown in Table 2.3, surface morphology is directly-related

to structural quality as AlN grown by modified MEE achieved the narrowest

linewidth. The width of the rocking curve is a direct measure of the range of

orientation present in the crystal [13]. A good quality crystal therefore has

a small variation in crystal orientation therefore a small linewdith. This is

a sufficient evidence that modified MEE can further improve the quality of

AlN. However, as how it was improved is a question worthy of deep analysis.

The approach to this interesting finding is to look at the initial nucleation

stage. It must be recalled that no high- or low-temperature buffer layer was

applied for growing the epilayer (1-step growth ) thus, the initial nucleation

layer could hold to discovering why such high-quality epilayer was obtained.
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Table 2.3: Comparison of the structural qualities as measured by XRC mea-
surements of AlN obtained by simultaneous, MEE and modified MEE.

Growth Method Simultaneous MEE Modified MEE
(0002) 52.6 arcsec 45.1 arcsec 31.8 arcsec
(1012) 889.1 arcsec 1443.5 arcsec 244.5 arcsec

2.5 Initial Nucleation Stage

The initial nucleation stage was investigated by growing AlN epilayer with

thicknesses of ∼2 and ∼14 nm, which are just after AlN nucleation, as well

as thicker AlN epilayer just after the coalescence of the initial nuclei. These

thicknesses were estimated from the growth rates of AlN measured from ∼50

nm to 600 nm. Since there was no variation in their growth rates, this

assumption could also be reasonable even at initial stage. The AFM surface

images of AlN at initial are shown in Figure 2.9.

Regardless of growth method used, the initial nuclei were three-

dimensional (3-D) islands with a typical diameter of ∼20 nm. The formation

of these 3-D nuclei was theoretically predicted: 3-D growth is more favorable

than the two-dimensional (2-D) growth due to the chemical and strain mis-

match between the sapphire substrate and AlN [17]. However, the differences

at the initial nucleation stage is noticeable and each method has a distinct

nucleation mode. To describe qualitatively, consider the size of the nuclei of

∼14-nm-thick epilayer. It can be observed that the size of the 3-D islands

becomes larger in the order below:

Simultaneous (ϕ:∼15 nm) < Modified MEE(∼25 nm) < MEE(∼50 nm).

The size of the nuclei very well suggests the degree of Al migration which

is in the same order: simultaneous supply < modified MEE < MEE. Con-

sidering this, let us try to compare two extreme cases, that is, MEE and the

simultaneous supply methods. For MEE, as clearly observed for the ∼ 2-

nm-thick AlN, initial nucleation occurs mostly along the step edges of the

sapphire substrate, whereas for the simultaneous supply, random nucleation

occurs both at the step-edge and onto the terrace. These distinct initial

nucleation behaviors are due to differences in their migration degrees, as

schematically illustrated in Figure 2.10. In MEE [Fig. 2.10(a)], migrating

Al adatoms easily find sapphire step edges, which are the major nucleation

sites, and are preferably adsorbed there. The sharp ridge structure indicates
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Figure 2.9: AFM images of AlN by MEE, modified MEE and simultaneous
supply showing the evolution of initial nucleation. Thicknesses of ∼2 and
∼14 nm are nominal. The scale bar represents 20 nm.
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preferential adsorption of migrating Al adatoms onto already-existing AlN

nuclei, probably due to the chemical matching between Al adatoms and AlN.

These ridges continue to grow until nucleation, which also begins at the ter-

race, covers the sapphire surface. As shown in Figure 2.9, the larger surface

peak-to-valley values for thicker AlN are the consequence. On the contrary,

random nucleation observed for the simultaneous supply method strongly

suggests a negligible migration [Figure 2.10(c)]. The differences in nucle-

ation behavior for each method as well as the formation of ridge structure is

summarized in Table 2.4.
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Figure 2.10: Schematic model of initial nucleation of AlN on sapphire. Dur-
ing initial nucleation stage, the migration degree of Al adatoms is different
between each method as seen by their nucleation behavior.

Table 2.4: The differences in nucleation behavior of simultaneous, MEE and
modified MEE. The distinct nucleation behavior results in differences in ridge
formation.

Growth Methods Simultaneous MEE Modified MEE
Nucleation Random Preferential Intermediate

Ridge Flat High Low

Based on the above discussion of growth rates, the nucleation behavior

during modified MEE should have intermediate characteristics of MEE and

simultaneous supply method. Al adatoms migrate well during the MEE-

mode in modified MEE in the presence of many nuclei formed during the
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simultaneous-supply mode, which is macroscopically recognized as a smaller

diffusivity of Al adatoms compared to MEE. In fact, similar to MEE, ridge

structures are observed, but their height is lower than those formed by MEE

as demonstrated in Figure 2.9. Figure 2.10(b) schematically illustrates this

nucleation model.

The ridge formation apparently roughened the surfaces, as evidenced by

AFM presented in Figure 2.9. Higher ridges should require thicker films in or-

der to recover the surface flatness. As shown in Figure 2.9, equivalent surface

morphologies that show the coalescence of the initial nuclei are confirmed at

80 nm for MEE, 57 nm for modified MEE, and 45 nm for the simultaneous

supply method. Further increasing the AlN thickness promoted coalescence,

and eventually, as demonstrated in Figure 2.8, generated a nearly perfectly

flat surface at a thickness of 600 nm using modified MEE. The presence of

pits in the MEE-grown AlN suggests that it is difficult to recover the surface

flatness with this thickness.

Although initial nucleation depends on the growth methods, the influence

of this difference on the film quality is clarified. To gain some insight into

this issue, the lattice relaxation was assessed by XRD as a variation of the in-

plane lattice parameter. Figure 2.11 shows these results. A relaxed epilayer

has an in-plane lattice parameter (a) of 3.114 Å. Below this value, the epi-

layer is strained compressively while above this value, it involves tensile. It

can be observed that both MEE and modified MEE trace the same tendency

where a 50-nm-thick AlN epilayer involves −0.52% compressive strain. On

the other hand, −0.18% compressive strain was measured in 48-nm-thick AlN

grown by the simultaneous supply method. These findings indicate a slower

strain relaxation in both modified MEE and MEE while fast relaxation is

observed for simultaneous supply. The relationship of lattice relaxation be-

tween each method is shown in Table 2.5 below. Thus, the initial nucleation

(Figure 2.9) implies that the relatively uniform distribution of 3-D nuclei

by the simultaneous supply causes homogeneous lattice relaxation, while the

ridge structures formed by MEE and modified MEE cause partial relaxation,

possibly at the ridges. This difference in the lattice relaxation due to the

growth methods may greatly affect the propagation of dislocations.

For GaN MOVPE, LT-GaN has often been used as a nucleation layer be-

cause tiny GaN islands, which work as seeds for subsequent high-temperature

growth, are formed only at low temperatures. On the contrary, for AlN, the

tiny, densely packed nuclei were observed during the initial growth stage even

for high-temperature growth, which is why nucleation layers are unnecessary
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Figure 2.11: AlN a-lattice parameter as a function of film thickness obtained
from MEE, modified MEE, and simultaneous supply.

Table 2.5: The differences in Relaxation of AlN epilayer during simultaneous,
MEE and modified MEE.

Growth Methods Simultaneous MEE Modified MEE
Lattice Relaxation Fast Slow Slow

for AlN. Furthermore, it is noteworthy that because modified MEE consists

of MEE and the simultaneous supply method, the appropriate flow sequence

may simultaneously control initial nucleation and the lattice relaxation pro-

cesses. For example, increasing the occupation of the MEE mode within one

cycle of modified MEE promotes the migration of Al adatoms to form higher

ridge. Hence, this ability to control the initial growth may be advantageous

over other methods.

2.6 Surface Diffusion of Al Adatoms during

Quasi-Homoepitaxy

In the previous section 2.5, it was found out that the Al adatom diffusion in

heteroepitaxial growth (between sapphire substrate and AlN epilayer) is dis-

tinct for each growth method which brought about their differences in initial

nucleation behavior. In this section, the diffusion mechanisms of Al adatoms

on relatively thick AlN with thicknesses of 400 − 600 nm is investigated. The

growth can hence be regarded as quasi-homoepitaxy. The diffusion mecha-



34 Effect of Growth Methods on the Crystalline Quality of AlN

nism is investigated using sapphire substrates having different unintentional

mis-orientations. The substrate mis-orientation was measured from the ter-

race with different widths and a step with 1 ML height. The mis-orientation

angle is calculated using the equation below:

θ = tan−1

(
L

step−height[1ML]

)
. (2.5)

Figure 2.12 shows the surface morphology obtained by AFM of >600-nm-

thick AlN grown by modified MEE. The mis-orientation of sapphire substrate

was well-replicated in the grown AlN epilayers. Thus, for AlN epilayer with

corresponding terrace width as shown in Table 2.6 below, the mis-orientation

angle can be estimated. With increasing the mis-orientation angle, a clear

transition of growth modes from two-dimensional (2-D) layer-by-layer growth

to step-flow growth is observed. From this transition and, furthermore, from

the 2-D nuclei density observed for the layer-by-layer growth, the diffusion

length of Al adatoms could be evaluated.
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Figure 2.12: AFM images of 600-nm-thick AlN grown on sapphire with un-
intentional mis-orientations of (a) ∼0.06◦ and (b) ∼0.15◦. The scale bar
represents 200 nm. (c) Schematic of the layer-by-layer growth mode deduced
from (a).

Table 2.6: The un-intentional mis-orientation angles of sapphire substrates
with different terrace widths.

Terrace Width, L 250 nm 100 nm
Mis-orientation angle, θ 0.06 ◦ 0.15 ◦

For the substrate with wider terraces [Figure2.12(a)], small 2-D nuclei

with a typical diameter of 20 nm were observed particularly around the
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middle of the terraces. On the other hand, 2-D nuclei disappeared on the

substrate with narrower terraces [Figure 2.12(b)]. These experimental find-

ings are well accounted for by Al adatom diffusion; if the diffusion length,

λ, is shorter than half the terrace width, L/2, Al adatoms migrating around

the middle of the terrace cannot reach the step edges, which are the major

sink for adatoms, thus forming critical nuclei on the terrace. This growth is

classified as the layer-by-layer growth mode, where 2-D nuclei formed on the

terrace grow laterally until they fully cover the surface. These processes are

repeated, as illustrated in Figure 2.12(c) until a desired thickness of AlN is

achieved.

When λ > L/2, on the other hand, 2D nuclei are not generated around

the middle of the terrace because adatoms are incorporated into the film at

the step edges, that is, the growth is step-flow growth. Clear transition from

layer-by-layer growth to step-flow growth observed in Figures 2.12(a) and

(b) suggest that λ of Al under the current condition is shorter than half the

width of the wider terrace (∼250/2 nm) but longer than ∼100/2 nm. This

surface Al-diffusion mechanism is discussed in more detail below.
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Figure 2.13: AFM images of ∼600-nm-thick AlN grown by (a) MEE, (b)
modified MEE, and (c) simultaneous supply method. Scale bar represents
200 nm.

2.7 Dependence of Al Migration on Epitaxial

Growth Mode

For the case of GaAs, migration enhancement by alternating source supply

has evidently been explained [18]. Here, the Al diffusion is compared during
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the growth by MEE, modified MEE, and simultaneous source-supply method.

Without the inserted simultaneous supply duration in modified MEE, it could

yield the MEE process, and thus the degree of migration is expected to

be in the order of MEE > modified MEE > simultaneous supply method.

Figure 2.13 compares the surface morphologies of AlN layers grown by those

three methods on sapphire substrates with a mis-orientation of 0.06 ◦. The

incomplete coalescence observed in MEE-grown AlN is due to the highly 3-D

nucleation observed at the initial growth stage, as discussed in Section 2.5.

The layer-by-layer growth on the wider-terrace substrates created 2-D nuclei

having a diameter of ∼20 nm on all the samples. To quantify the 2-D nuclei

found on the surface, the nuclei densities for each method were evaluated

to be 1.6 ×1010 /cm2 for MEE, 1.7 ×1010 /cm2 for modified MEE, and 3.4

×1010 /cm2 for the simultaneous supply method. These values were quite

typical when several measurements were taken at different sample area.

Because a lower nuclei density indicates higher diffusivity, those alter-

nating supply of TMA and NH3 methods indeed enhanced the Al adatom

migration. However, no significant difference of nuclei densities was observed

between MEE and modified MEE. That is, the degree of Al adatom migration

during quasi-homoepitaxy is:

Simultaneous < Modified MEE ∼ MEE

This finding is different from the result on the degree of migration found

at the initial stage, where the migration degree was clearly in the order of

MEE > modified MEE > simultaneous supply method 2.5. This suggests

that the behavior of Al adatoms during (quasi) homoepitaxy is distinctly

different from that during the initial nucleation stage (heteroepitaxy). A clear

order of migration degree could be observed for the heteroepitaxial (that is,

between sapphire and thin AlN layer) growth probably due to the strain and

chemical mismatch between AlN and sapphire, while these factors are not

applicable anymore during homoepitaxial growth, and hence, no significant

surface migration difference was observed between MEE and modified MEE.

Because the mean distance between the nuclei should correspond to twice

the diffusion length (λ), λ can be estimated from the evaluated nuclei den-

sities. The average area occupied by a single 2-D nucleus was first obtained

as the inverse of the nuclei density,

Areaave =
1

(Nuclei Density)
. (2.6)
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By neglecting the contribution of the step edge, this area can be expressed

as Areaave = πλ2. This assumption is valid when a diffusion length is much

shorter than terrace width, as with the current situation. The diffusion

lengths were thus estimated to be 44 nm for MEE, 42 nm for modified MEE,

and 31 nm for the simultaneous supply method. Although these diffusion

lengths could be an overestimations due to the above-mentioned assump-

tion, the diffusion length of 42 nm for modified MEE appears rather reliable

because of the reasonable agreement with the coarse estimation based on Fig-

ure 2.12. Thus, the nucleation density and the diffusion length is tabulated

in Table 2.7.

Table 2.7: Comparison of nucleation density and diffusion length (λ) of Al
nuclei during simultaneous, MEE and modified MEE.

Growth Method MEE Modified MEE Simultaneous
Nucleation Density 1.6 ×1010 /cm2 1.7 ×1010 /cm2 3.4 ×1010 /cm2

Diffusion Length,λ 44 nm 42 nm 31 nm

Particularly for the surface of AlN grown by modified MEE [Figure

2.12(a) or 2.13(b)], an area without 2D nuclei near the steps, the so-called

denuded zone, can be observed. The width of the denuded zone was mea-

sured to be ∼50 − 100 nm, which should equal 2λ and, actually, agrees with

the above estimation. Another noteworthy finding is that the denuded zones

near the ascending steps were slightly wider than those near the descending

steps, which suggested that migrating adatoms are more easily adsorbed at

ascending steps. In other words, a barrier for adatoms to approach ascending

is lower. This is, unfortunately, not a desirable condition to preserve the 2-D

growth as adatoms on existing 2-D nuclei may feel some barrier to descend

from the said 2-D nuclei. Hence, the growth condition must be optimized

very carefully to achieve high quality AlN layers, as will be discussed in the

next chapter.

While it is true that MEE and modified MEE effectively enhanced Al

adatom surface migration, for obtaining high quality AlN, we also found

it necessary to control the migration degree at the initial nucleation stage

in Section 2.5. Too much enhancement of migration causes highly three

dimensional ridge structures preferentially located at the sapphire step-edge.

This explains nano-pits observed for ∼600-nm-thick AlN grown by MEE. On

the other hand, the controlled migration by modified MEE during the initial

nucleation suppresses this ridge structure thus obtaining a defect-free AlN.
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2.8 Summary

In this chapter, simultaneous source-supply, MEE and the developed method

called modified MEE were used to grow AlN epilayer. The differences in

the epilayer quality was correlated to Al adatom diffusion during initial nu-

cleation stage (heteroepitaxy) and during thick AlN (quasi-homoepitaxy),

which is dependent on the underlying surface.

The Al adatom diffusion is found to be distinct during initial nucleation

stage and the latter quasi-homoepitaxial growth.

• Initial Nucleation Stage: AlN on Sapphire (Heteroepitaxy)

Simultaneous < Modified MEE < MEE

• Thick AlN on AlN (Quasi-homoepitaxy)

Simultaneous < Modified MEE ∼ MEE

A clear difference of Al-adatoms migration during the initial nucleation

stage led differences in several mechanisms. Owing to the above-differences,

among the three methods, modified MEE has obtained superior quality AlN

where its growth rate can be written as:

Growth Rate: GRmodified MEE = GRSimultaneous + GRMEE.
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Chapter 3

Modified MEE and

Characterization of AlN

In chapter 2, the growth of AlN by simultaneous source-supply, migration

enhanced epitaxy and the modified MEE were presented. After analyzing

each method by comparing the degree of Al adatom migration during initial

stage and at thicker AlN, it was concluded the modified MEE controls the

migration degree to obtain a superior AlN. In this chapter, the details growth

parameters optimization such as growth temperature and flux ratio during

modified MEE will be discussed. The structural and optical characterization

of modified-MEE-grown AlN will be discussed towards the end of the chapter.

3.1 Modified MEE of AlN

All the AlN epilayers analyzed in the previous chapters were grown at the

same growth parameters, except, of course for their growth methods. How-

ever, it was not explained how those parameters were achieved. In this sec-

tion, let us examine each parameter that affects the quality of the epilayer.

These are growth temperature and NH3 flow rates. Other parameters such

as total pressure and TMA flow rates, were kept the same.

The influence of these parameters are clearly observable by the changing

morphology or structural quality of AlN. To maximize the optimum perfor-

mance of the material, it is but necessary that it be grown on the best growth

conditions.
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3.1.1 Sapphire Substrate

Before performing the growth of the epilayer, the as-received sapphire sub-

strate was treated first. Figure 3.1 shows the surface condition of the sapphire

substrate before (as received, Figure 3.1a ) and after gas etching at 1225 oC

for 10 minutes. The as-received substrate showed scratches on the surface

while after thermal etching, terraces appeared on the surface. However, the

thermally-etched substrate has pits on the surface due possibly to long etch-

ing time. These pits act as nucleation sites during heteroepitaxy.
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Figure 3.1: AFM image of sapphire substrate: (a) as-received and (b) after
thermal etching at 1225 oC for 10 minutes.

The terrace widths and the step height of the substrate was then mea-

sured, as seen in Figure 3.2. The hexagonal sapphire has c-lattice parameter

of 1.2991 nm [1], and since there are 6 ML in the unit cell, 1 ML is equivalent

to 0.2165 nm/ML. The step height of etched sapphire substrate has ∼0.2143

nm, therefore it is equivalent to 1 ML. On the other hand, the width of the

terrace for this substrate was ∼350 nm. As has been discussed in Section

2.6, the step height and terrace width determine the mis-orientation of the

substrate.

3.1.2 Optimization of Growth Parameters

Using the same temperature profile used in Chapter 2.3, for the optimiza-

tion of growth parameters, the growth temperature (T g) and flux ratio was

studied and shown in Table 3.1. The values shown in the table are the
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Figure 3.2: (a) The step height of the sapphire substrate is equivalent to 1
monolayer (ML). (b) The terrace on the other hand, has a nominal width of
∼350 nm.

temperature range at which the optimization was performed.

Table 3.1: Optimization of growth conditions for modified MEE of AlN.

Optimization Parameters Optimized Values
Growth Temperature (T g) 1190 – 1210 ◦C

NH3 490 – 1161 µmol/min
(TMA) (4.11 µmol/min)

The effect of Tg on the quality of AlN is first discussed. The V/III

ratio was 174, which is the optimized value as will be described later below.

Figure 3.3 shows the AFM surface morphologies. The morphology changed

from rough to atomically smooth when T g = 1200 ◦C. Further increase of T g

changes the epilayer surface to have pits. These pits are found particularly

along the step edge. The surface roughness revealed root-mean-square (RMS)

values of 0.16, 0.12, and ∼0.23 nm as the temperature was increased from

1190 to 1210 ◦C. Moreover, surface quality has been found very sensitive to
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growth temperature as a slight change of 5 ◦C caused significant deterioration

of epilayer. This is contrary to a simultaneous source-supply method, which

showed no clear dependence of crystalline quality on growth temperatures

[2, 3].
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Figure 3.3: Surface AFM images of AlN grown at (a) 1195, (b) 1200 (op-
timal), (c) 1205, and (d) 1210 ◦C. The surface is rough at 1195 ◦C (a),
atomically-flat at 1200 ◦C (b), and with pits above 1205 ◦C [(c) and (d)].
AlN epilayers were grown using V/III = 174.

It is known that the degree of Al adatom migration is enhanced by the

growth temperature. When T g is low, migration is less active thereby an

increased number of nucleation sites promotes surface roughening, as evi-

denced by AlN grown at T g = 1195 ◦C, as shown in Figure 3.3(a). On the

other hand, when T g is above the optimum, though the degree of migration

is enhanced, the shorter mean residence time of Al-adatoms and its easy

desorption from the surface can promote the generation of pits. This case

happened when T g > 1205 ◦C (Figures 3.3(c),(d)). At an optimal T g, the

sufficient adatom migration enables to achieve a smooth AlN (3.3b). It is

therefore unnecessary to bring T g of AlN near its sublimation point (2000
◦C) just to enhance the migration [4], because further increase of T g beyond

1200 ◦C only deteriorates the epilayer quality.

The degradation of surface quality is accompanied by deterioration
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Figure 3.4: Variation of XRD FWHM of symmetric (0002) and asymmetric
(1012) planes due to T g. The structural quality is best at T g = 1200 ◦C.
The epilayers were grown using V/III = 174.

in structural quality as confirmed by high-resolution X-ray Diffraction

(HRXRD) measurements. Figure 3.4 shows the full-width at half-maximum

(FWHM) of the asymmetric (1012) and the symmetric (0002) diffraction.

Especially for the asymmetric (1012) plane, the quality drastically changed

from 1100 to 250 arcsec, and then to 1150 arcsec as T g is below, at, and

above 1200 ◦C, correspondingly. This is also true for the (0002) plane, but

the epilayer quality did not deteriorate as drastically as that in asymmetric

(1012) plane.

The V/III ratio was also studied by changing the amount NH3 while

keeping the TMA flow rate. Here, T g was always at the optimized temper-

ature of 1200 ◦C. It was reported that unwanted trimers and higher n-mers

with increasing NH3 leads to a decrease of growth rate [5]. Though active N

species would be readily available when NH3 flux is in excess, it is necessary

to control its amount in order to achieve a flat and high-quality AlN [6],

which was demonstrated by the AFM surface images shown in Figure 3.5(a).

While a V/III ∼174 has realized a defect-free surface (Figure 3.5(b)), further

decreasing the V/III ratio roughened the surface (Figure 3.5(a)). A similar

result was also observed in [7]. The insufficient amount of NH3 led to more

available Al adatoms, which remained unreacted due to the less amount of

group V sources. Conversely, a greater amount of group V tends to generate
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Figure 3.5: Surface AFM images of AlN grown under V/III ratios of (a)
119, (b) 174, (c) 228, and (d) 282. The rough surface with V/III = 119 (a)
became atomically flat with V/III = 174 (b), but pits appeared with further
increase of the V/III ratio above 228 (c and d). T g was 1200 ◦C.

pits along the step-edges (Figure 3.5(c)-(d)). This deterioration in the qual-

ity of AlN was further confirmed by the results of symmetric and asymmetric

HRXRD as shown in Figure 3.6.

To discuss the mechanism of the observed growth characteristics, it is

interesting to compare the surface morphologies displayed in Figures 3.3 and

3.5. Thus, it is found that lower T g and V/III roughened the surfaces while

higher T g and V/III induced pits. These observations suggest that effective

V/III ratio, which is the ratio between the number of Al adatoms and N

species that actually contribute to the growth, could be the critical growth

parameter. That is, under lower T g or V/III, the NH3 decomposition is

not sufficient to provide the optimal number of active N species for the AlN

growth, while at higher T g or V/III, excess N species enhance pit formation.

Because T g and V/III are thus related to each other, in order to maintain

the optimal number of active N species, higher T g must be employed when

lower V/III is used, and vice versa. A simple optimization model for growing

high-quality AlN considering the growth temperature and NH3 is shown in

Figure 3.7.
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Figure 3.6: Variation of XRD FWHM of symmetric (0002) and asymmetric
(1012) planes due to T g. The structural quality is best at T g = 1200 ◦C.
The epilayers were grown using V/III = 174.

Based on the above observations, the growth process was finally opti-

mized using a growth temperature of 1200 ◦C and V/III ratio of 174, and

an atomically smooth AlN epilayer was successfully achieved as shown in

Figures 3.3b or 3.5b. This epilayer has a RMS roughness of 0.12 nm (5×5

µm2). The FWHM of their (0002) and (1012) planes ω-scans were 38.1 and

250 arcsec, respectively.
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Figure 3.7: Model for Optimizing Growth parameters (T g and V/III ratio)
to obtain high-quality AlN.

3.2 Structural Evolution of AlN

Figures 3.8, 3.9, 3.10, and 3.11 show the sequential structural evolution of

AlN grown as per cycle basis by modified MEE. This is in order to understand

the growth mechanism especially at the early stages of growth where, as the

epilayer gets thicker, dislocation is also generated.

Looking at the AlN epilayer grown for 1 cycle (= 3s), we can see that

nucleation started at the step edges and at pits which was originally in the

sapphire substrates. The step edge and the those pits are highly-energetic

areas therefore adatoms nucleate on those sites. Then 2 cycles later, the

terrace is completely covered with nuclei. We can see until 80 growth cycles

that those ridges formed at the step edge grow vertically, in fact they are

very distinct.

The first coalescence occurred after 81 cycles (∼57 nm), where those

tall ridges start to disappear. At this stage, the surface starts to become

smoother and a competition between the lateral and vertical growth exists

until eventually the vertical growth becomes slower and the lateral growth

is promoted. As expected, the number of pits become smaller due to the

fact that islands coalesce together with those pits. Then at ∼ 400 nm, the

layer-by-layer growth occurs. This mechanism is already explained in Section

2.6.

During the nucleation stage, dislocations start to appear. As dislocation
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is the process of releasing the strain in the epilayer by creating dislocation, it

is important that the relaxation process happen at a later stage. Among the

three methods used, it was found out that the relaxation happens fastest in

simultaneous method and almost the same with Modified MEE and MEE.

Thus the relaxation is delayed by the alternating suppluy of precursors. An-

other factor why the surface of modified MEE is free of defects (thus lower

dislocation density) is that the very tall ridge structure from MEE could

also increase the number of dislocation density. Thus being said, the mod-

ified MEE method reduces the dislocation density by delaying the lattice

relaxation and reducing the tall ridge structure formed by MEE.
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Figure 3.8: AFM images of sructural evolution of AlN fabricated by Modified
MEE. AlN epilayers were grown for 1 cycle, 3 cycles and 8 cycles. Left figure
scan area: 5 x 5 µm. Right: 1.2 x 1.2 µm
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Figure 3.9: AFM images of sructural evolution of AlN fabricated by Modified
MEE. AlN epilayers were grown for 20 cycles, 80 cycles and 81 cycles. Left
figure scan area: 5 x 5 µm. Right: 1.2 x 1.2 µm
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Figure 3.10: AFM images of sructural evolution of AlN fabricated by Modi-
fied MEE. AlN epilayers were grown for 85 cycle, 100 cycles and 145 cycles.
Left figure scan area: 5 x 5 µm. Right: 1.2 x 1.2 µm
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Figure 3.11: AFM images of sructural evolution of AlN fabricated by Modi-
fied MEE. AlN epilayers were grown for 215 cycle, 425 cycles and 640 cycles
and 850 cycles. Left figure scan area: 5 x 5 µm. Right: 1.2 x 1.2 µm
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3.3 Characterization of Modified MEE AlN

3.3.1 Structural properties

From the FWHM of the (0002) diffraction, which corresponds to the tilt com-

ponent, the screw dislocation density (N s) was estimated using the Equation

3.1:

Ns =
FWHM2

tilt

4.35|bs|2
, (3.1)

where, bs is the Burgers vector equal to <0001> (= 4.9792 Å) [8]. The

estimated screw dislocation density is ∼4.0 × 106 cm−2.

On the other hand, for the edge dislocation density, the twist component

was estimated from the FWHM’s of (0002) and (1012) diffractions, assuming

that the x-ray diffraction profiles were approximated by Gaussian curves and

that there was no interaction between tilt and twist [9–11]. Therefore, the

FWHM of twist component is estimated from:

FWHM1012 =
√

(FWHMtilt cosχ)2 + (FWHMtwist sinχ)2, (3.2)

where the FWHMtilt is the FWHM of (0002), FWHM1012 for (1012), and χ is

the angle between the (0002) and (1012). Therefore the density of randomly

distributed edge dislocations (N e), can be estimated by:

Ne =
FWHM2

twist

4.35|ba|2
, (3.3)

where be is the Burgers vector equal to <1120>/3 (= 3.114 Å). Using equa-

tion 3.3, and using FWHMtilt = 365 arcsec from the FWHM of (0002) and

(1012) diffractions, the density of randomly distributed edge dislocations was

evaluated to be 7.2 × 108 cm−2.

3.3.2 AlN Polarity

To further investigate the dislocation density, etch pits were revealed by 20

wt% aqueous KOH solution at 70 ◦C for 10 min. Figure 3.12 shows the

scanning electron microscopy (SEM) image of the AlN surface after etching.

Before the SEM measurement, a 1-nm-thick Au film was deposited by

sputtering on the surface of etched-AlN to avoid charge-up of incident elec-

trons. Clear hexagonal etch pits were observed, and their density was counted



56 Modified MEE and Characterization of AlN

�������

Figure 3.12: SEM image of an AlN surface after chemical etching. Clear
hexagonal etch pits can be observed. The etch-pit density is estimated to be
1.0 ×106 /cm2.

to be 1.0 ×106 /cm2. This density agrees fairly well with the dislocation

density derived from XRD, thus further confirming the very low dislocation

density in the AlN layers.

Another important conclusion emerged from the chemical etching is the

polarity of the film. The film thickness was measured before and after etching

by an optical interferometer, and it was found that modified-MEE-grown AlN

layers did not etched by KOH solution at all. Thus, it is concluded that the

film is Al-polar [12,13].

3.4 Optical Properties of AlN

The interaction of a semiconductor such as AlN with light is of decisive im-

portance for photonic and optoelectronic devices. Here, the optical properties

of AlN will be studied by photoluminescence spectroscopy.

3.4.1 Theory

Semiconductors emit light by spontaneous emission when electrons in excited

states drop down to a lower level by radiative transitions. This radiative

emission is called luminescence. Luminescence can occur by a number of

mechanism, but for this case we consider only the photoluminescence - the

re-emission of light after absorbing a photon of higher energy. Figure 4.3.2

shows an overview of the main processes that occur when light is emitted

from a solid material. Photon is emitted when an electron in an excited
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state drops into ground state. For this to be possible, an electron must be

injected first which then relax to the state from where the emission occurs.

This could be the bottom of the conduction band or could also be a discrete

level. The photon cannot be emitted unless the lower level for the transition

is empty. This empty lower level is produced by injecting holes into the

ground state in a way analogous to injecting an electrons into the excited

state.
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Figure 3.13: Schematic of luminescence in solid. Electrons are injected into
the excited state band and relav to the lowest available level dropping to
the empty levels in the ground state. These empty levels are generated by
injection of holes. The radiative recombination rate is determined by the
radiative lifetime τR and competes with non-radiative recombination with
time constant τNR.

Statistical physics tells us that atoms in the excited states have a natural

tendency to de-excite and lose their excess energy. Therefore the emission

of a photon is a spontaneous process and the radiation of light is therefore

spontaneous emission. The spontaneous emission rate for radiative transition

between two levels is determined by:(
dN

dt

)
radiative

= −AN. (3.4)

This shows that the number of photons emitted in a given time is proportional

to both the Einstein A coefficient of the transition and the population in the

upper level. This rate equation can be solved to give:

N(t) = No exp(−At) = No exp(−t/τR). (3.5)
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The τR is the radiative lifetime of the transition and is equal to A−1.

However, radiative emission is not only the mechanism by which the elec-

trons in the excited state goes down to the ground state. Another possible

pathway is the non-radiative relaxation. This process can be quantified an

electron losing its excitation as heat by emitting phonons or it might transfer

its energy to impurities or defects called “traps”. The luminescent efficiency,

NR can be calculated by using the rate equation for the population of the

excited state when non-radiative processes are possible:(
dN

dt

)
total

= −N

τR
− N

τNR

= −N
(

1

τR
+

1

τNR

)
, (3.6)

where τNR is the non-radiative lifetime. Thus, the luminescent efficiency, ηR

can be calculated by dividing Equations (3.4) by Equation (3.6), to obtain

ηR =
1

1 + τR

τNR

. (3.7)

Thus, efficient luminescent requires that the radiative lifetime must be shorter

than the non-radiative lifetime. Photoluminescence studied therefore are

done to extract important physical optical properties of a where in this case

AlN.

3.4.2 Experimental Setup

Figure 3.14 shows the photoluminescence set-up used to study the optical

properties of AlN. An ArF Excimer laser (λ = 193 nm, pulse width,τ =

4 ns, maximum pulse rate = 300 Hz, from MPB Communications, Inc.)

was employed for this experiment. The resolution on the monochromator

(1200 grooves/grating) is 0.1 nm (3 meV). The laser power is tuned by film

polarizers and λ/2 wave plate. The sample is placed inside a cryogen-free

cryostat where a minimum temperature of 8.5 K can be achieved. The laser is

incident from the surface normal and the photoluminescence from the sample

is collected at 60◦ from the surface normal. Before the PL signal goes into

the monochromator (Acton Research Corporation SpectraPro300-i) through

the slit (opening: 20 µm), it is collimated by one lens and then focused into

the entrance slit. The CCD camera attached to this unit cooled by liquid

nitrogen.

Wide-range PL spectra of AlN was first obtained both at 8.5 K and at

room-temperature (Pex = 360 kW/cm2) to observe deep-level emission bands.
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Figure 3.14: Experimental photoluminescence (PL) setup for measuring the
radiative properties of AlN.

This spectra is shown in Figure 3.15. A strong near-bane-edge peak (∼6 eV)

can be observed on both spectra and the peak position slightly shifted to

lower energy with higher temperature. There is no observable prominent

peaks at lower energy side which might be related to deep-level emission and

pertaining to Al vacancies [14,15].

A narrow PL region was also evaluated for the highest quality ∼600-nm-

thick AlN at 8.5 K with various excitation density. The spectra is shown in

Figure 3.16. It can be observed that at low excitation density, only one peak

is seen. Upon increasing the excitation density, other peaks start to appear.

Considering the spectra excited by laser with a density of 420 kW/cm2, peak

at 6.035 eV and a shoulder peak at 6.0781 eV are observed. These peaks

are assigned to the radiative recombination of free excitons (Xn=1
A ) and the

radiative recombination of associated with the n=2 excited state of the free

excitons (Xn=2
A ) [16–18], respectively. On the basis of the energy separation

between the n=1 ground state and n=2 excited state, the binding energy of

the free excited is estimated to be 43.2 meV.

Also shown in the figure are two weak peaks at 5.926 eV and 5.8146 eV.

These peaks are assigned to longitudinal optical (LO) phonon replicas of the

exciton bound to the neutral donors, (Do, X
n=1
A -1LO) and (Do, X

n=1
A -2LO),
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Figure 3.15: The full spectra of AlN taken at 8.5 K and at room-temperature
(Pex = 360 kW/cm2).

respectively. A weak peak is also observed at 5.968 eV which is assigned

as the longitudinal phonon replica to Xn=2
A (Xn=2

A -1LO). LO phonon has an

energy h̄ωph, and the phonon replicas can seen at En = Eo − nh̄ωph. The

energy of the phonon at the Γ point of the Brillouin zone center is 110-

111 eV in AlN according to the measurements using infrared and Raman

spectroscopy [19, 20]. Deducting from those obtained in this experiment,

the LO phonons have energies within the above-mentioned range. Moreover,

the linewidth of the prominent near band edge for this sample fabricated by

modified MEE is estimated to be around 23 meV obtained from the spectra

of the highest excitation density of 420 kW/cm2, suggesting that the film is

uniform and possibly has smaller defect density.

The temperature-dependence PL was also obtained and the activation

energy is fitted using this equation:

I =
Io

1 + A1 exp(−Ea1/kT ) + A2 exp(−Ea2/kT )
, (3.8)

where Ea1 and Ea2 are the activation energies of the steep and gentle slope,
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Figure 3.16: Experimental photoluminescence (PL) setup for measuring the
radiative properties of AlN.

respectively. Ea1 corresponds for the activation energy of exciton which was

estimated to be about 80 meV while Ea2 has a value of 2.4 meV.

The ratio of the integrated peak intensity between the room-temperature

(290 K) and low-temperature (8.5 K) is 15 %. This is much higher that the re-

sult of 0.5% obtained by Jiang et al. [23]. This also suggests the good quality

of the epilayer. From the figure, the band gap energy typically decreases with

increasing temperature. This is because of the change of electron-phonon in-

teraction and the expansion of the lattice. This temperature dependence can

be described with the empirical, three-parameter Varshni formula [24],

Eg(T ) = Eg(0) − αT 2

T + β
, (3.9)

where Eg(0) is the band gap of AlN at 0 K, α is the volume coefficient of

thermal expansion, and β is the volume compressibility. The temperature-

dependence of AlN is shown in Figure 3.18 where the α was estimated to be

1.6 meV/K and β to be 1400 K using the Varshni empirical formula marked

by the solid line. For the fitting the band gap at 0 K was estimated to be
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Figure 3.17: Temperature-dependence PL of the dominant peak in AlN. The
spectra was fitted and the exciton binding energy was determined. The inset
figure shows the temperature-dependence spectra.

6.027 eV. The difference between the experimental value (= 6.024 eV) is 3

meV, which is the binding energy of the donor bound exciton. The estimated

values are within the reasonable range from the estimation of other groups.
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Figure 3.18: Temperature dependence of AlN.

3.5 Perspective

The use of Modified MEE is not only confined to the successful fabrication

of AlN epilayer. As will be discussed in Chapter 4, it was also successful in

improving the efficiency of the device. In Figure 3.19, it can be seen that

Modified MEE also ables to fabricate smooth surfaces of AlN grown under

different regimes. In the left figure, the epilayer is grown directly on 6H-SiC

without performing any prior treatment. Moreover, clear terraces could be

seen if it were grown on the optimized parameter for 6H-SiC. Nevertheless,

this is a step closer to achieving smooth and high-quality AlN on SiC. The

importance of the use of SiC is due to the fact that it is robust even at high-

operating temperatures. Thus is would be a boast for high-power devices.

The middle figure shows the surface morphology of AlGaN grown directly

on sapphire substrate. The surface shows a smooth surface as well. This kind

of epilayer where a thick AlGaN is growth is desired since the incorporation

of Ga in the matrix can be controlled, thus a AlxGa1−xN/AlyGa1−yN multiple

quantum wells (MQW) can be grown with smaller in-plane lattice mismatch.

In return, cracking will be prevented.

The right figure shows that on top of AlGaN, AlGaN/AlN MQWs can

also be fabricated. In fact, photoluminescence spectra (not shown) of this

sample realized an emission at ∼213 nm. Moreover, the surface also shows
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steps - a typical feature of Modified MEE growth method.

All these samples were grown using the optimized growth parameter for

sapphire/AlN template. To optimize the radiative property of these distinct

materials systems, growth parameters might be suited for each or these sys-

tems.
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Figure 3.19: The different material systems used to fabricate thick AlN and
AlGaN, and AlGaN/AlN MQWs.

3.6 Summary

In this chapter, the optimization of growth parameters namely, growth tem-

perature and flux ratio and the structural and optical properties of modified

MEE AlN is discussed. The growth temperature influences the surface and

structural quality of AlN. At a growth temperature below the optimum tem-

perature, rough surface morphology and wider FWHM are obtained. On

the other hand, surface with pits and wider FWHM are observed when the

growth temperature is above the optimum where a defect-free surface and

narrow FWHM is obtained. This is summarized in the table below.

Optimization Parameters Optimized Values
Growth Temperature (T g) 1200 ◦C

NH3/TMA Ratio 715 µmol·min−1 / 4.11 µmol·min−1

The quality of AlN was confirmed by Etch-pit density (EPD) test, XRD

measurements to estimate the screw and edge dislocation densities, and the
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the RT/LT photoluminescence ratio.

Etch-Pit Density Screw Dislocation Edge Dislocation PL Ratio
(EPD) N s N e (LT/RT)

∼1.0 × 106 cm−2 ∼2.2 × 106 cm−2 ∼7.2 × 108 cm−2 ∼16 %
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Chapter 4

Modified MEE and

Characterization of

AlGaN/AlN QWs

In this chapter, AlGaN/AlN QWs structure will be fabricated by modified

MEE and its structural and optical properties will be discussed in detail. The

main application of quantum well structure at present is in electroluminescent

devices. It is because QWs allow for obtaining greater range of emission

wavelengths, and also enhances the efficiency of devices.

The optical properties in quantum will be probed by photoluminescence

spectroscopy and the dependence of peak position and linewidth with tem-

perature and power density will be evaluated.

4.1 Introduction to Quantum Wells

A quantum well is a heterostructure where there is a confinement in only

one dimension. This concept was developed by Esaki and Tsu [1]. The QW

also forms as the active layer of a device structure therefore its growth has

to be controlled to monolayer (ML) precision. A dimensional fluctuation in

the active well layer is found to affect the emission efficiency of the device

drastically.

Interesting optical phenomenon happens when the effect of quantum con-

finement is experienced in a crystal. This quantum confinement can be expe-

rienced when a heterostructure has a dimension comparable to the mean free

path of carriers. Thus a QW layer, which has a thickness of ∼200−400 Å

exhibit quantum size effects. Figure 4.1a shows the device structure having
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AlGaN/AlN QW as the active layer. Figure 4.1b shows the three-dimensional

schematic of a single QW showing the different bandgaps of AlN and AlGaN

creating a discontinuity at the junction.

In the figure, it can be seen that the band gap of AlN is larger than AlGaN.

This means that electrons in AlGaN layer are trapped by a potential barriers

at each side due to the discontinuity in the conduction band. Similarly, holes

are trapped by the discontinuity in the valence band. These barriers allows

the states to be quantized in one direction and free to move in the other two

directions.
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Figure 4.1: (a) Structure AlGaN/AlN QWs grown on AlN/sapphire by Mod-
ified MEE. (b) Simples schematic representation of a single QW in three
dimension formed by AlN and AlGaN with band gaps Eg,AlN and Eg,AlGaN ,
respectively. In the x-y plane, the material dimensions have no limits. LB

and Lz represent well and barrier widths, respectively.

Thanks to epitaxial techniques such as MOVPE, it allows for the growth

quantum structure down to nanometer scale. Here multiple quantum wells

be fabricated using the modified MEE.

4.2 Growth of AlGaN/AlN QWs by Modified

MEE

The foremost challenge in AlGaN/AlN QW growth is how to achieve a high-

quality layers. The QW layer is normally grown by simultaneous supply

of TMA, TMG and NH3 precursors. Though this method has been used

for the growth of AlN (where TMA and NH3 are supplied simultaneously),

this might not be ideal for QW layers. This is because, as discussed in the

preceding chapter, the lower migration of Al adatoms may promote island

growth instead of layer-by-layer growth. This layer-by-layer growth is neces-
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sary because in QW, a flat layer is of utmost importance. Though a number

of research groups have focused on the improvement of AlN template, little

attention has been given to the improvement of the structural quality of this

active layer.

Thus in this study, the growth of the QW structure is fabricated based on

modified MEE that was first developed for AlN epilayer growth. The tem-

perature profile and the schematic of fabricating the QW is shown in Figure

4.2. This fabrication technique deviates from the conventional method where

a continuous supply of TMA, TMG and NH3 is employed. For the growth

AlGaN by Modified MEE , the additional TMG is supplied together with

TMA. For the barrier growth (AlN), only the NH3 and TMA are supplied -

same for growing AlN template layer. Thus, the ∼10-nm-thick AlN barrier

layer can be achieved after several cycles of modified MEE. For example,

at an optimized growth temperature of AlN where the growth rate is ∼0.70

nm/cycle, the ∼13-nm-thick epilayer requires 21 cycles. For the AlGaN, de-

pending on the desired thickness, the layer can be varied by 1 cycle basis.

Thus one advantage of adopting this modified MEE for QW growth is the

ability of fabricating the active layer in a per cycle basis.
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Figure 4.2: The temperature profile used for fabricating AlN epilyer and
AlGaN/AlN QWs. Modified MEE growth method is also used for fabricating
the QW structure.

The growth conditions used to fabricate ∼600 nm AlN template and the

AlGaN/AlN are listed in the Table below (Table 4.1). First, AlN is grown on

sapphire substrates. The growth of ∼600 nm AlN template layer was always

done at the optimized temperature (for this case, at 1225 ◦C according to
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the thermocouple reading) - the same as growing AlN epilayer (Chapter 3).

Afterwards, growth of the QW followed. For AlxGa1−xN/AlN QWs, the

growth temperature is either maintained or decreased to up to 1080 ◦C to

increase the Ga incorporation in the matrix. A total of 10 periods of MQW

structure was maintained for this study. The well widths were also varied

and its optical properties were evaluated.

Table 4.1: Optimization of growth conditions for Modified MEE of AlN
epilayer and AlxGa1−xN/AlN QWs. The ∼600 nm AlN epilayer was always
grown at the optimized growth temperature while for AlxGa1−xN/AlN QWs,
the temperature was varied.

Optimization Parameters

Growth Temperature (T g)
AlN 1225 ◦C

AlxGa1−xN 1080 – 1225 ◦C
NH3 490 – 1161 µmol/min

Sources
NH3 893 µmol/min
TMA 4.11 µmol/min
TMG 4.09 - 8.18 µmol/min

Reactor Pressure 76 Torr

4.2.1 Estimation of QW Thickness and Al Composi-

tion

Figure 4.3a shows the the XRD pattern of the fabricated device structure

shown in Figure 4.1a. The AlN peak can be observed along with the satel-

lite peaks of AlGaN QWs, confirming the successful fabrication of the Al-

GaN/AlN QW layer. From the XRD pattern, the well and barrier thicknesses

were estimated as well as the aluminum composition (x ).

In heteroepitaxy, biaxial strain situation arises. For the case of Al-

GaN/AlN QW growth, since the thickness of AlGaN is small, it is assumed

a pseudomorphic growth along the c-axis occurred, then the strain along the

c-axis is given by

∆a

aGaN

(
−2

C13

C33

)
=

∆c

cGaN

, (4.1)

where C33 is the elastic constants of GaN which is equal to 398 (1010 Pa),

C13 = 106 (1010 Pa), ∆c = cmeasured − cAlN , and ∆a = aunknown − aAlN . The
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cmeasured is obtained from the (0002) peak of AlN, while cAlN is the bulk

which is 4.9792 Å, aAlN is 3.1114 Å. Thus the aunknown can be calculated

from the equation above (Equation 4.1).
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Figure 4.3: (a) The growth of MQWs is confirmed by the satellite peaks of
x-ray diffraction (XRD) measurements. From those peaks, well barrier, well
widths and Al composition x were estimated. (b) The estimated values fit
to that obtained from rocking curve simulation. An example of simulation is
seen in this figure for AlxGa1−xN/AlN QWs with x = 0.91

After obtaining the a lattice parameter for AlGaN, the lattice spacing is

calculated by [2]:

dhkil =
aunknown√

4
3
(h2 + hk + k2) + ( aunknown

cmeasured
)2l2

. (4.2)

For the case of c-plane (0002) AlGaN, the d0002 is easily determined using

Equation 4.2. Using this expression

Ltotald0th = LAlNdAlN + LAlGaNdAlGaN , (4.3)

the thickness of AlN barrier and AlGaN well can be determined. In order to

do that, the d0th has to be estimated from:

2d0th sin θ0th = λ, (4.4)

where λ is 1.5406 Å. The θ0th is the fundamental peak of AlGaN QW and

can be estimated from the XRD pattern (refer to Figure 4.3a). Then the

Ltotal is determined by plotting the satellite peaks with θ where the slope m

is equal to 1/(2Ltotal). Mathematically,
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sin θsatellitepeaks = m(nsatellitepeaks). (4.5)

Since m (slope) is equal to 1/(2Ltotal), Ltotal can be easily derived. Moreover,

the dAlGaN can be estimated from

dAlGaN = x · dAlGaN + (1 − x)dGaN , (4.6)

where x is the unknown Al composition, dAlN is the lattice spacing of AlN

(=λ/2sinθ), dGaN is from the coherently-grown GaN on AlN and is given

by Eqn. 4.1. Finally, using Eqns. 4.3 and 4.6, the Al (x ) composition can

be estimated. At a certain Al composition or growth temperature and by

varying the well width, the thickness of AlGaN QW can be determined.

Alternatively, the compositional dependence in AlxGa1−xN can be calcu-

lated from the empirical Vegard’s law:

Eg(x) = xEg(AlN) + (1 − x)Eg(GaN) − bx(1 − x), (4.7)

where b is the bowing parameter, x is the AlN molar fraction, Eg(GaN) = 3.4

eV, Eg(AlN) = 6.1 eV. The bowing parameter has been estimated by several

groups and it showed widely-scattered values [3, 4]. Therefore, instead of

estimating the molar composition by using the equation above (Equation

4.7), it was estimated by using the linear relationship of the growth rate and

growth temperature for estimating the thickness of AlN and AlGaN barrier

and well, respectively, then used the rocking curve simulation software to

confirm the estimated values. The result of the calculation agreed very well

with the simulation. Figure 4.4 shows the series of AlxGa1−xN/AlN QWs

with different molar fraction (x = 0.69 - 0.91) and well widths (up to ∼16

nm) fabricated for this study. On the other hand, the barrier layer has as

thickness of ∼14 nm.
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Figure 4.4: AlxGa1−xN/AlN QWs grown at different Al molar fractions and
well widths (Lw).

4.3 Structural Qualities of Al-rich

AlxGa1−xN/AlN QWs

4.3.1 Reciprocal Space Mapping

Since thick QWs were fabricated, it is necessary to determine whether AlGaN

is grown coherently on AlN. Thus, the reciprocal space mapping (RSM) by x-

ray diffraction (XRD) was performed using the samples with the thickest well

widths. When these thick QWs exhibit coherent growth, then all the thinner

QWs also follows as well. Figure 4.5 shows the RSM of AlxGa1−xN/AlN

with molar fraction of 0.82 (Lw = 13 nm) and 0.79 Lw=16 nm. Because

the AlxGa1−xN satellites peaks are vertically aligned with the AlN peak,

both heterostructures are coherent. Therefore all the AlxGa1−xN QWs with

thickness below these two are also coherent.

4.3.2 Surface Morphology

The surface morphology of the QWs was also studied and the representative

AFM images are shown in Figure 4.6 for QWs with different Al molar frac-

tion. As explained in Section 4.2, the incorporation of Ga was by decreasing

the growth temperature while all the other growth parameters were the same.
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Figure 4.5: Reciprocal space mapping (RSM) of Lw ∼13 and ∼16 nm
AlxGa1−xN/AlN QWs.

Since the QW with x = 0.91 is grown at the optimized growth temperature

of AlN (Figure 4.6), it follows that the atomically-smooth surface of ∼600

nm AlN template is replicated, as clearly seen by the terrace widths.

On the other hand, with decreasing growth temperature, the surface mor-

phology seemed to deteriorate as well. This could be due to the fact that the

growth temperature used is clearly not the optimized growth temperature of

AlN anymore. This leaves a room for optimization of the growth condition

when a low growth temperature is desired.
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Figure 4.6: Atomic force microscopy surface images of AlxGa1−xN/AlN QWs
with (a) x = 0.91 and, (b) x = 0.79. While a smooth surface is on obtained
when using the optimized growth temperature of AlN, the QW grown at
lower temperature deteriorates the quality.

4.4 Theoretical Consideration on Optical

Properties in AlxGa1−xN/AlN QWs

After the structural characterization of AlxGa1−xN/AlN QWs discussed in

Section 4.3, here we will discuss the optical properties in AlxGa1−xN/AlN

QWs.

4.4.1 Energy Levels in AlGaN

For group-III nitrides (AlN, GaN and InN), the band energies with strain ef-

fects are estimated near the Γ in the Brillouin zone taking into consideration

the splitting of the valence band maximum both by spin-orbit interaction

(∆so) and crystal field (∆cr). Using the k·p method with the cubic approxi-

mation [5, 6], the valence band energies evaluated at k = 0 are given by:

Eo
1 = ∆1 + ∆2 + θε + ∆ε, (4.8)

Eo
2 = Eo

v +
∆1 − ∆2 + θε

2
+ ∆ε +

√(
∆1 − ∆2 + θε

2

)2

+ 2∆3
2, (4.9)

Eo
3 = Eo

v +
∆1 − ∆2 + θε

2
+ ∆ε −

√(
∆1 − ∆2 + θε

2

)2

+ 2∆3
2, (4.10)
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The strain effects ∆ε are defined as

∆ε = D1εzz +D2(εxx + εyy), (4.11)

θε = D3εzz +D4(εxx + εyy). (4.12)

Since the AlGaN layers are fully-strained and grown along (0001) (c-axis)

direction, the strain tensor has this relation:

εxx = εyy =
a0 − a

a
, (4.13)

εzz = −2
C13

C33

εxx, (4.14)

where ao and a are the lattice constants of the substrates and the epitaxial

layer. The ∆so is the spin-orbit splitting energy, ∆cr is the crystal-field

splitting energy, Di is the deformation potential, Cij is the elastic stiffness

constant, and εxx and εzz are the strain tensor elements along the x, y and z

(c-axis) direction, respectively [5, 6]. The conduction-band edge is taken as

Eo
c = Eo

v + ∆1 + ∆2 + Eg, (4.15)

while for AlN, because ∆1 is negative, the top valence band Eo
2, therefore

Eo
c = Eo

2 + Eg. (4.16)

4.4.2 Internal Electric Field

In the QW, electric field can ionize the excitons by pushing the electrons and

holes in opposite direction. The magnitude of the internal electric fields in

the well (Fw) and barrier (Fb), can be estimated respectively [7, 8],

Fw =
P SP

b + P PZ
w − P SP

b − P PZ
w

ϵw + ϵb(Lw/Lb)
, (4.17)

Fb = −Lw

Lb

Fw, (4.18)

where ϵ is the static dielectric constant, L is the layer thickness and the sub-

scripts b and w represent the barrier and the well, while the superscripts SP

and PZ represent the spontaneous and piezolectric polarization, respectively.

As seen from Eq. 4.17, the magnitude of the internal field depends on the

relative thicknesses of the well and the barrier layers. The strain-induced
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piezoelectric polarization can be calculated as

P PZ = 2

(
e31 −

C13

C33

e33

)
ϵ∥, (4.19)

where eij is the piezoelectric coefficients and ϵ∥ is the in-plane strain equal

to ϵxx. Since the QWs were grown on thick AlN template, the AlN barrier

layer is assumed to be relaxed while the AlGaN QWs experience in-plane

compressive strain. Hence, the piezoelectric polarization charge in the barrier

(P SP
b ) is zero while the values of the piezoelectric constants for AlxGa1−xN

used for the calculation is by linear interpolation between the reported values

in literature for GaN and AlN [9].

4.4.3 Energy Levels in QW

The energies of the quantized states both in the conduction and valence bands

of a QW can be calculated by using Schrödinger equation. The energy level

in the QW of thickness Lz (that is, QW with finite thickness for example,

along the z direction ) can be performed using one-dimensional Schrödinger

equation:

− h̄2

2m∗
∂2ψ(z)

∂z2
+ V (z)ψ(z) = Eψ(z), (4.20)

where m∗ denotes the effective mass.

Therefore, the effective transition energy in QWs under the influence of

a piezoelectric field is given by [10]

E = Eg + ∆Ee + ∆Eh − eFLw. (4.21)

where Eg is the band gap of the well material, ∆Ee and ∆Eh are the quantized

level for electrons and holes, respectively, and eFLw is due to the polarization

field effect. The shift of AlxGa1−xN/AlN transition energy with well towards

higher energy is caused by the internal electric field which spatially separates

the electron and hole wave functions with Lw [11]. Figure 4.7 shows the

calculated transition energy of AlxGa1−xN/AlN QWs with x = 0.79 and 0.91

with Lw, considering the CH transition energy.
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Figure 4.7: The transition energy of CH band in AlxGa1−xN/AlN QWs with
x = 0.79 and 0.91 showing the effect of internal electric field with the shift
of transition energy. The transition energy shifts toward lower energy with
Lw.

4.4.4 Derivation of Bohr Radius and Exciton Binding

Energy

Semiconductors, like insulators have fundamental absorption edge. This is

caused by the onset of optical transition across the fundamental band gap

of the material. This naturally leads us to investigate the physical processes

that occur when electrons are excited between the bands in the solid by

making optical transitions. On the other hand, interband luminescence is

the process in which the electrons drop from the excited state bands by

emitting photons. The objective in this section is to understand how the

luminescence spectrum of AlGaN/AlN QWs is related to its band structure.

When a QW is irradiated by light, the photons are absorbed by exciting

electrons from an initial state in the valence band to the final state in the

conduction band. However, when an active layer is irradiated by strong light

source, excitons are created. Excitons are bound electron-hole pairs held by

their mutual Coulomb interaction. Since optical transition can be considered

as the creation of an electron-hole pair, the Coulomb attraction increases the

optical processes (e.g., absorption rate) because it enhances the probability

of forming the electron-hole pair. Therefore the excitonic binding energy

in QWs is higher than in the bulk material. The enhancement of excitonic

binding energy in the QW is a consequence of the quantum confinement of
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the electrons and the holes. This forces them to be closer together than

they would be in a bulk semiconductor, ans hence increases the attractive

potential.

The state of the exciton binding energy is often calculated using the vari-

ational method because of its simplicity. For wurtzite crystal, the variational

wave function and the Hamiltonian are anisotropic. Let us then use the vari-

ational method in calculating the exciton binding energy Bohr radius [13,14].

The Hamiltonian for an electron-hole pair is given by

H = − h̄2

2mr⊥

(
∂2

∂x2
+

∂2

∂y2

)
− h̄2

2mr∥

∂2

∂z2
− e2

{ε⊥ε∥(x2 + y2) + ε2
⊥z

2}1/2
, (4.22)

where mr⊥ and mr∥ are the reduced mass (mr = (m−1
e +m−1

h )−1) respectively

perpendicular and parallel to the c direction, me and mh are the effective

masses of the electrons and holes, ε is the dielectric constant, and e is the

electron energy. The Hamiltonian can be simplified by normalizing the energy

and length by

E0 ≡ −13.6(eV) × mr⊥

m0

1

εr⊥εr∥
, (4.23)

a0 ≡ 0.053(nm) × m0

mr⊥

√
εr⊥εr∥, (4.24)

which yields,

H = −1

2

[
∂2

∂x2
+

∂2

∂y2
+
mr⊥

mr∥

∂2

∂z2

]
+

2

{x2 + y2 + (εr⊥/εr∥)z2}1/2
. (4.25)

The variational function for the ground state is assumed to be of the form

ψ(r) =
1√
πa2

⊥a∥
exp

−(x2 + y2

a2
⊥

+
z2

a2
∥

) 1
2

 , (4.26)

where a⊥ and a∥ are the variational Bohr radius in the direction perpendicular

and parallel to the c-axis, respectively. Introducing this parameter

a∥ = a⊥

√(
εr⊥

εr∥

)
(1 + α2). (4.27)

ω ≡ mr⊥εr⊥

mr∥εr∥
, (4.28)
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the exciton binding energy is

Eex =
1

3a2
⊥

(
2 +

ω

1 + α2

)
− 2

a⊥a∥
sinh−1 α. (4.29)

and the corresponding transverse direction exciton Bohr radius is

a⊥ =
1

3

(
2 +

ω

1 + α2

)(
α

sinh−1 α

)
, (4.30)

where

ω = 2

[
sinh−1 α− α

(1 + α2)1/2

] [
α

(1 + α2)3/2
− sinh−1 α

(1 + α2)2

]−1

. (4.31)

When ω ≥ 1, sinh−1 α and 1 + α2 must be used. On the other hand, when

ω < 1, sinh−1 α and 1 + α2 should be replaced by sin−1 α and 1 − α2. The

strain-dependent effective masses of the heavy hole (HH) and light hole (LH)

derived by k·p approximation is used [5].

The calculated Bohr radius of the exciton is shown in Figure 4.8 where

the radius decreases with increasing Al composition.
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Figure 4.8: The estimated Bohr radius of exciton in AlxGa1−xN QWs with
Al composition (x) where it decreases with increasing x.

Accordingly, the reduction of Bohr radius with Al composition increases
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the exciton binding energy (Equation 4.29). Figure 4.9 shows the plot of

exciton binding energy with Al composition.

Figure 4.9: The estimated binding energy of the exciton with Al composition
in AlxGa1−xN.

4.5 Fundamental PL Properties of

AlxGa1−xN/AlN QWs

Let us analyze the optical properties by considering the series of QWs with

different Al composition (x = 0.69− 0.91) and with well widths Lz ∼1.5 nm.

Their normalized PL spectra is shown in Figure 4.10. The PL was obtained

using the same PL set-up used for AlN (Chapter 3.14), with an ArF (λ =

193 nm) laser pulse energy density is 5 mJ/cm2. The result shows that

the transition energy changes with Al composition, confirming the successful

fabrication of AlxGa1−xN/AlN QW by modified MEE method.

Thus let us then study the dependence of PL intensity with well width

using the series of QWs with an Al composition of x = 0.79. The plot of the

well width with with their corresponding intensities is shown in Figure 4.11a.

The intensity depends strongly on Lw. The reason for the rapid reduction

of the emission intensity with the increase of Lw can be attributed to the

reduction of radiative recombination or quantum efficiency [12] due to the

polarization fields in the well and spatial reparation of the holes and electrons
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Figure 4.10: PL of AlxGa1−xN/AlN QWs with various Al composition (x =
0.69 - 0.91). The well width (Lw) is ∼1.5 nm.

[7,11]. Figure 4.11b shows the transition energy from PL measurement (circle

points) and the theoretical internal electric field at the same Al composition.

When the well is small, there is only a slight reduction of transition energy.

On the other hand, as the well becomes thicker, the transition energy reduces

rapidly. However, the theoretical result of the internal electric field (0.13

MV/cm) shows an underestimation of the actual internal electric field in the

QW.

4.5.1 Linewidth Broadening in AlxGa1−xN/AlN QWs

Alloy Broadening

The experimentally-determined full-width at half-maximum of QWs with

thicknesses of ∼1.5 nm and ∼5 nm at varying Al composition is shown in

Figure 4.12. One notes that the luminescence is very broad where the trend

of the linewidth decreases with increasing Al content. This is expected since

binary alloys exhibit fairly sharp spectra unlike the case of ternary alloys.

In ternary alloy, the random distribution of atoms having different atomic

order number (Z) causes significant broadening effect of the luminescence and

absorption line. This alloy broadening was first studied in AlxGa1−xAs [15].

This assumes that Al and Ga atoms are distributed randomly on the group-
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Figure 4.11: (a) Variation of photoluminescence peak intensity with well
widths for Al0.79Ga0.21N/AlN QWs measured at 8.5 K. (b) The experimental
transition energies (cicles) obtained from the same samples compared with
the theoretical estimate considering the internal electric field (0.13 MV/cm).
The theoretical value is an underestimation of the experimental result.

III sites in an ideal crystal. The probability of finding an Al atom on an any

group-III site is given by the alloy composition x. If the experiment averages

these random distributions, an inhomogeneously-broadened line is observed.

For the case of AlxGa1−xN, the broadening is caused by a statistical occu-

pation of the cation places Ga by Al and the disorder of the alloy is seen by

the exciton. Or conversely, the sampling volume for a luminescence event is

the exciton volume that is given by the free-exciton as Vexc = 4
3
πa2

⊥a∥, where

a⊥ and a∥ are the Bohr radius of the exciton Section 4.4.4. In an AlxGa1−xN

alloy, there are on average xccVexc Al atoms in the exciton volume. The

fluctuation is given by the standard deviation of the binomial distribution

σ2
x =

x(1 − x)

ccVexc

. (4.32)

The corresponding alloy energetic broadening (FWHM) of a spectral line

∆Eexc is

∆Eexc = 2.36
∂Eg

∂x

[
x(1 − x)

ccVexc

]1/2

, (4.33)

where ∂Eg

∂x
is the variation of the energy gap with Al composition (x ), and

cc is the density of the cations [16]. The theoretical dependence is also

seen in Figure 4.12 for heavy-hole (HH) and crystal-field split-off hole (CH)

valence sub-bands. The maximum broadening is reached at 80% Al which

was considered to be related to the increase of the electron effective mass
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Figure 4.12: The line width of AlxGa1−xN/AlN QWs with varying Al com-
position (x ). The thicknesses of the QWs are ∼1.5 and ∼5 nm.

towards AlN and the decrease of the dielectric constant [16]. This trend

has also been reported and the experimental results fitted very well with the

calculation [17,19].

The effect of alloy broadening is felt stronger for thinner QW compared

with thick wells as fluctuation becomes drastic when the well thickness is thin.

On the other hand, the fluctuation becomes less drastic thus lesser broaden-

ing, when the well becomes thick. This can be seen in the figure (Figure 4.12)

by comparing the QWs with ∼1.5 and ∼5 nm thickness. However, compar-

ing the theoretical alloy broadening with the experimental results, once sees

a large discrepancy which can not be accounted alone by this unavoidable

alloy broadening.

Well-width Fluctuations

Another factor that causes linewidth broadening is caused by fluctuations of

the well width. As the well width becomes smaller, the effect of well-width

fluctuations becomes stronger. Figure 4.13 shows the effect of 1 monolayer

fluctuation of the well width with and without considering the electric field

[18]. When the well thickness is thin, the effect of 1 ML fluctuation is greater

than in thick wells. Moreover, with the presence of internal electric field, the

effect increases further.
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Figure 4.13: The effect of one monolayer (1 ML) fluctuation of well width
where it is higher in thin wells. Furthermore, the effect increases with internal
electric field.

Figure 4.14 shows the linewidths of Al0.79Ga0.21N/Al QWs with different

well widths. The linewidth has a decreasing trend with the increasing well

thickness. This result is in contrast with that reported [20] in which a linear

correlation of the linewidth with well thickness (linewidth increases with

well thickness) was observed. This observation was explained by the effects

of alloy fluctuation and polarization fields.
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Figure 4.14: The linewidth of Al0.79Ga0.21N QWs with well width. With
increasing well width, the linewidth decreases.
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4.5.2 Stokes Shift

The luminescence spectra of excitons in QWs are often rather broad and

partly Stokes-shifted with respect to the absorption. The reasons for this

will be discussed. The theoretical fundamental band gap energy (neglecting

the excitonic effect) of the QW with x = 0.79, Lw = 5.2 nm and x = 0.91,

Lw = 6.8 nm were determined and shown in Table 4.2.

Table 4.2: Comparison between calculated band gap energy without excitonic
effect with experimental result of AlxGa1−xN/AlN QWs.

QW Calculated Experimental ∆
(QW) band gap (eV) (eV) (meV)

Al0.91Ga0.09N/AlN 5.70 5.49 210
(Lw = 6.8 nm)

Al0.79Ga0.21N/AlN 5.31 5.23 90
(Lw = 5.2 nm)

Figure 4.15 shows the PL spectra of samples tabulated in Table 4.2. The

peak of the spectra is the peak energy obtained experimentally. Using the

same QW composition and thickness, the calculated band gap without con-

sidering the excitonic effect is also shown and the experimental result has

lower peak energy position than the calculated result (Stoke’s shift).

Exciton Binding Energy

The activation energy of the binding exciton is calculated for QWs samples

with different Al compositions and well widths, as tabulated in Table 4.2. The

activation energy is estimated from the fitting in Figure 4.16. The activation

energy of x = 0.79, Lw ∼ 5.2 nm has higher activation energy than that of x

= 0.91, Lw ∼ 6.8 nm. Because of the wider spatial separation of wavefunction

in x = 0.91, Lw ∼ 6.8 nm, the activation energy of the exciton is smaller in

contrast to that of QW with x = 0.79, Lw ∼ 5.2 nm.

Well-width Fluctuation/Alloy Disorder

Referring to the photoluminescence spectra shown in Figure 4.10 and Figure

4.15, an asymmetric line shape of the PL spectra in the low energy side can be

observed, reflecting the low tail of the of localized exciton states. Excitons are

also localized in tail states due also to well-width fluctuations/alloy disorder.
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Figure 4.15: Comparison of the theoretical band gap energy with experimen-
tally determined peak energy where a large difference was observed. The
AlxGa1−xN QWs has Al = 0.79 (∼5.2 nm) and 0.91 (∼6.8 nm).
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Figure 4.16: The estimated exciton activation energy for AlxGa1−xN QWs
with Al = 0.79 (∼5.2 nm) and 0.91 (∼6.8 nm).
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4.6 Temperature-Dependence PL of Al-

GaN/AlN MQWs

In this section, we wish to study the effects of temperature with respect to

the position shift of the transition energy of a QW. From the ratio of the in-

tegrated emission intensity between room-temperature and low-temperature,

the internal quantum efficiency can also be estimated. The activation energy

of the exciton can also be determined from the plot of integrated intensity

with temperature.

The samples to be measured are AlxGa1−xN/AlN QWs with various Al

compositions and well widths:

1. x = 0.91, Lw = 1.7 nm, 6.8 nm

2. x = 0.82, Lw = 1.4 nm

3. x = 0.79, Lw = 2.6 nm, 5.2 nm, 10.4 nm.

4.6.1 Emission Efficiency of AlGaN/AlN QWs

Figure 4.17 shows the PL spectra of the sample with the most intense emis-

sion - a QW with an Al composition of x = 0.79 and Lw ∼5 nm.

The ratio of the integrated PL intensity at room-temperature (IRT ) and

low-temperature (ILT ), η = IRT/ILT was obtained for those samples listed

above, and the result is shown in Figure 4.18 below. The highest η of 36%

was obtained for samples with x = 0.79, and Lw = 5.2 nm. On the other

hand, η seems to decrease with increasing Al composition.

The ratio of the integrated peak intensities between low-temperature and

high-temperature is related to the internal quantum efficiency ηint. This can

be expressed as

ηint =
τ−1
r

τ−1
r + τ−1

nr

=
1

1 + τr/τnr

. (4.34)

where τ−1
r is the radiative lifetime of the transition and τ−1

nr is the non-

radiative lifetime. The τ−1
r is related to the overlap wavefunctions of the

electrons and holes, τ−1
r ∝|< ψe | ψh >|2. The overlap function is highest

when radiative lifetime is smallest, and is achieved in QW with x = 0.79 and

Lz = 5.2 nm.



4.6 Temperature-Dependence PL of AlGaN/AlN MQWs 93

������� ��������
�
	����� 

� �
� ��
�� � �
� �
����
���
� ��

�! �#"
$�%�� "

&('*)�+ ,�-/.10�2 '43�+ 5

$6 � �7 � �� 
8:9�;�<=;�>@?

$A��������
!>CB�<D9FEG>�HJI

K�L

 � �  � �! �
?:>�!MNB�O4ED�PQI

Figure 4.17: Wide-range Photoluminescence spectra of Al0.79Ga0.21N/AlN
QW with well width of ∼5 nm. The spectra were taken at 8.5 K and 290 K.

4.6.2 Excitation Power Dependence of PL

The dependence of PL intensity with temperature was performed using

Al0.79Ga0.21N/AlN with (a) Lz = 2.6 nm, (b) 5.2 nm and (c) 10.4 nm. The

result is shown in Figure 4.19. From these results, η was estimated accord-

ingly (Section 4.6.1) and the highest η was achieved from QW with Lz = 2.6

nm. The inset figures show that photon energy shifts to lower energy with

increasing temperature.

Figure 4.20 shows the temperature dependence of PL linewidth for QWs

with x = 0.79 and 0.91. One observes that both samples have broad

linewidths even at low temperature. The temperature-dependent broaden-

ing phenomena of the exciton linewidth is generally due to exciton-acoustic

phonon and exciton-optical phonon interactions expressed as [21]

Γ(T ) = Γ0 + γAT +
ΓLO

exp [h̄ωLO/kBT ] − 1
, (4.35)

where Γ0 is the temperature-independent inhomogeneous linewidth. The sec-

ond and the third terms are the contribution of the exciton-acoustic phonon

and the exciton-longitudinal optical (LO) phonon interactions, respectively.

γA is the exciton-acoustic phonon coupling constant while ΓLO represent the
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Figure 4.18: Plot of the ratio of room-temperature and low-temperature PL
for AlxGa1−xN/AlN QWs with various Al compositions and well widths.

strength of exciton-LO phonon coupling. This temperature-dependent broad-

ening phenomena almost not depicted in the experimental data especially for

x = 0.79 QW. As explained in Section 4.5.2. As such, the broad linewidth

is the effect of excitons being localized in tail states due to well-width fluc-

tuations and/or alloy disorder.

Figure 4.21 shows the dependence of the photon energy with tempera-

ture of the AlxGa1−xN alloys. To evaluate the temperature dependence of

the exciton transition energy, least-squares fitting was performed using the

Varshni equation (Equation 4.36).

Eg(T ) = Eg(0) − αT 2

T + β
, (4.36)

where E(0) is the transition energy of the exciton at 0 K while α and β are

the Varshni coefficients. The solid line is result of the fitting for AlxGa1−xN

with x = 0.79 and 0.91 Al. The result of the fitting is shown in the table

below (Table 4.3). It can be observed that the exciton localization energy

increases with Al composition.

Looking at Figure 4.21, the estimated exciton localization binding energy

is small which signifies the existence of weaker localization in the QW. On the

other hand, it was reported that larger localization binding energy makes the

film to have low conductivity which is a fact well-known for Al-rich AlGaN
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Figure 4.19: Arrhenius plot of integrated PL of Al0.79Ga0.21N/AlN QWs
with Lz of (a) 2.6 nm, (b) 5.2 nm and (c) 10.4 nm. Inset figure shows their
corresponding PL spectra.
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Figure 4.20: Temperature-dependence PL linewidths of AlxGa1−xN with x
= 0.79 and 0.91.

Table 4.3: The estimated binding energy of exciton for AlxGa1−xN with x =
0.79 and 0.91 Al.

AlxGa1−xN/AlN α (meV/K) β (K) ∆ E

0.91 1.8 1400 20 meV
0.79 1.4 1000 10 meV

alloys [22].
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Figure 4.21: Weak energy separation between the PL peak energy measured
and the energy predicted using Varshni equation. The dashed line is the
least-square fit from the experiment data.

4.7 Power Dependence of PL

In this section, let us study the effect of highly exciting the AlGaN QWs

by photoluminescence. The QW samples are kept inside to 8.5 K inside the

cryostat. The frequency of the ArF excimer laser was maintained at 25 Hz.

The excitation power was varied between 0.01 - 10 mW (laser spot size: 1

mm x 2.5 mm). The samples measured are: x = 0.79, Lw = 2.5 nm, 5 nm

and, 10 nm. Another sample has x = 0.91, Lw = 1.7 nm and 6.8 nm.

In the previous discussions, it has been assumed the all the states in

the conduction band are empty. But in the presence of free carriers, the

absorption is modified by the change in the distribution function and many-

body effects (band gap renormalization).

4.7.1 Burstein-Moss Shift

This phenomenon explains the shift of the absorption edge to higher ener-

gies (blue shift). With presence of free electrons that occupy the bottom of

the conduction band, the transition from those band are blocked. A more

detailed discussion will now focus on the band gap widening and narrow-
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ing. In the pure and undoped crystal the band gap is defined as the energy

separation between the valance and conduction band edge. Since the Pauli

principle prevents states from being doubly occupied and the optical tran-

sitions only occur vertically (where the Fermi momentum is the same), the

energy gap is given at these points. The blocking of the low energy states in

the conduction band is known as the Burstein-Moss effect and enhances the

optical gap by

∆EBM =
h̄2k2

F

2mr

=
h̄2

2mr

(3π2N)2/3 (4.37)

where kF is the Fermi wavevector (kF = (3π2N)1/3) and mr is the reduced

mass.

4.7.2 Band gap Renormalization

Figure 4.22 shows the schematic of the state of excitons at different excitation

densities. Let us consider an experiment in which we take a powerful laser

and tune in to one of the exciton absorption lines. The laser creates excitons

in the sample with a density proportional to the laser power. At low laser

power (Figure 4.22a), the density of the exciton is small and the separation

between the excitons is large. Since low density, the exciton-exciton inter-

action is negligible. As the power is increased (Figure 4.22b), the density

of the excitons increases and increasing the power high enough, the density

will be high enough that the exciton wave functions overlap. At this point,

it is expected that the exciton-exciton interaction will be significant. It can

be observed from Fig. 4.22b that the exciton wave function overlap occurs

when the exciton-exciton distance equals the exciton diameter. The density

at which this occurs is called the Mott density NMott, and can be expressed

as (Debye-Hückel model) [23]

NMott =
(1.19)2kBTc

4Eexa2
⊥a∥

, (4.38)

where Eex is the exciton binding energy, a⊥ and a∥ are the Bohr radius,

Tc is the carrier temperature. For the case of AlGaN experiment at 8.5 K,

the Mott density is calculated to be NMott ∼ 3.5 × 1017 cm−3. When the

exciton density approaches NMott, a number of effects can occur. For one,

the collisions between the excitons cause the exciton gas to dissociate into an

electron-hole plasma (EHP). This causes exciton broadening (or broadening

of excitonic resonance) with a reduction in the absorption strength thus the
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Figure 4.22: Distribution of the free excitons in the crystal. (a) At low
densities, the excitons are randomly distributed throughout the excitation
volume thus inter-exciton separation is large. (b) At high densities, the wave
functions overlap when the exciton-exciton separation becomes comparable
to the exciton diameter.

absorption edge shifts to smaller energies (red shift).

The peak position (Ep) for spontaneous emission of the EHP is [24]

Ep = Ẽg(Tc, N) + kBTc/2, (4.39)

where Tc is the carrier temperature and Ẽg is the band gap renormalization

energy, which in renormalization theory [25] is connected with the screening

length λ as

Ẽg = Eg −
πe2

96ε
λ−1. (4.40)

The screening is described by the Debye length λ =
√

2e2n
εkBTc

. From the

band gap renormalization equation shown above, the redshift ∆EEHP can be

obtained as

∆EEHP =
πe2

96ε
λ−1 =

πe2

96ε

√
2e2n

εkBTc

. (4.41)

4.7.3 Derivation of the Carrier Density

In order to study the free carriers, the carrier density introduced by the laser

into the sample must be estimated. The generation of carriers is proportional

to the energy of the laser. The energy (J) of the laser is

Eex =
P

f

f−1

p
, (4.42)

and the total number of carriers Nc,

Nc =
Eexτ

eEArF

(1 − exp(−αd)), (4.43)
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where α is the absorption coefficient (cm−1) of AlGaN and AlN, τ is the

radiative lifetime (s). For simple calculation, α = 105 cm−1, τ = 1 ns. EArF

is the photon energy of the excimer laser and while e is the charge of the

electron. The carrier density in 1 QW nc,1QW [cm−3],

nc,1QW =
Nc

cQWSLw

, (4.44)

where S is the spot area, cQW is the number of QW layer. In this experiment,

f = 100 Hz, S = 2.5 × 10−2 cm2, p = 4 nm, d = (750 + LwcQW ) × 10−7 cm,

cQW = 10, P is the laser excitation power. The plot of carrier density for 2.5

nm, 5.0 nm, and 10 nm Al0.79Ga0.21N/AlGaN is shown in Figure 4.23 [18].
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Figure 4.23: The relationship between the estimated carrier density in one
QW layer with the excitation power density.

4.7.4 Experimental Results and Discussion

The spectra of excitation power density with the peak position is shown in

Figure 4.24 for Al0.79Ga0.21N/AlGaN samples with (a) 2.5 nm and (b) 5 nm

well widths. The broken vertical line is the calculated transition energy of the

QW. For 2.5 nm QW, the peak position moves to the calculated transition

energy. The same is true also for 5 nm QW however, the position shift seems

to level off.

Figure 4.25 summarizes the effect of excitation power density with peak

position and PL intensity for Lw = 2.5 nm Al0.79Ga0.21N/AlN QWs. It can
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be seen in the figure the Mott density, the transition between the many body

effect and electron- hole plasma. Above the Mott density is the electron-hole

plasma characterized by a slope of near unity. On the other hand, the many

body effect region has a slope higher than that in EHP.

Moreover, the plot of the excitation power density dependence of Lw = 5

nm Al0.79Ga0.21N/AlN QWs is shown in Figure 4.26. This is the same sample

that obtained the highest PL intensity ratio (∼36 %) between RT and LT.

The same trend can be seen as with Lw = 2.5 nm. Excitons are already

observed in the low excitation power density side, as characterized by the

slope (m) equal to unity. Pushing the excitation power density toward much

lower regime would be able us to identify the fine features of the QW layer.

Moreover, an interesting phenomenon is observed regarding the behavior of

peak position with increasing power density. It can be observed that there

is no shift of peak position toward higher energy for this sample which is

worthy of further analysis.
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Figure 4.24: PL spectra of Al0.79Ga0.21N/AlN QWs with well width of (a)
2.5 nm and (b) 5 nm well width. The position peaks moves closer to the
calculated transition energy with decreasing power density.
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Figure 4.25: Result of power density PL for Lw = 2.5 nm Al0.79Ga0.21N/AlN
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hole plasma (EHP) transition dominates. (b) The peak position with power
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Figure 4.26: The plot of the excitation power density with peak position and
PL intensity for the sample with the highest η (Al0.79Ga0.21N/AlN QWs, Lw

= 2.5 nm). No red-shift was observed with increasing excitation density - an
anomalous behavior worthy of further analysis.
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4.8 Summary

In summary, a successful fabrication of Al-rich (x > 0.69) AlxGa1−xN/AlN

quantum by Modified MEE was achieved. The Al incorporation was con-

trolled by the growth temperature and using the same flow rates of TMA,

TMG and NH3. The successful fabrication of the AlxGa1−xN/AlN QWs was

confirmed by the satellite peaks observed from x-ray diffraction measure-

ments. From this measurement, the well width thickness and Al composition

were also estimated and further confirmed by x-ray rocking curve simulations.

Well layers as thick as ∼16 nm still showed coherent growth as confirmed by

reciprocal-space mapping measurements.

Photoluminescence measurements were performed to assess the optical

quality of the QW device. First, the successful fabrication of quantum with

different band gaps or emission wavelengths were confirmed. Then linewidths

of the grown QW were compared with theoretical calculation where the

experimentally-observed linewidths were broader. Such broad linewidths

were correlated with alloy broadening, carrier localization and potential fluc-

tuations. Alloy broadening was estimated theoretically but the could not

account for the linewidth broadening of the samples. Therefore, the effect

of well with-width fluctuations were accounted. This fluctuation was severe

when the well-width is smaller. Exciton localization due to alloy well-width

fluctuation and alloy disorder must also be considered.

The broad line width obtained from the QW samples can not be correlated

with exciton localization, well-width fluctuation, or alloy broadening only.

The high carriers injection in the QW must also be considered. The effect of

these were broadening of the line width (many body effect) and peak position

shift (Burstein-Moss Shift).
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Chapter 5

Optical Polarization Anisotropy

in AlN and Al-rich AlGaN/AlN

QWs

5.1 Introduction

In previous chapters, the inferior quality of AlN was addressed by developing

a new growth method which is called Modified MEE. The quality of the

grown AlN epilayer was the assessed through studying its various structural

and optical properties. After confirming the superior quality of AlN epilayer,

the fabrication of AlxGa1−xN/AlN QWs (QWs) was performed. For the

fabrication of QWs, a new growth technique was employed and was based

on Modified MEE method. Various structural and optical properties of the

QWs was performed to confirm its robust quality.

In this chapter, as a continuation of the study of various optical prop-

erties of Al-rich AlGaN/AlN QWs, the optical polarization property of

AlxGa1−xN/AlN QW is discussed in detail. The importance of this study

originates from the differences in the valence bands (heavy hole: HH, light

hole: LH and spin-orbit: SO) lineup between AlN and GaN that make up

the AlGaN alloy. Because of this, it is important to determine the opti-

cal polarization behavior with regard to the occurrence of the polarization

switch at a certain Al composition (x). Particularly, the optical polariza-

tion anisotropy in Al-rich AlxGa1−xN/AlN (x>0.69) multiple QWs (MQWs)

grown on sapphire (0001) substrates will be investigated by photolumines-

cence (PL) spectroscopy. Moreover, the effect of quantum confinement on

the optical polarization switch will be discussed and collated with other ma-
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terial systems such as the case of bulk AlGaN and thin AlGaN layer grown

on AlN.

5.2 Unique Optical Properties in Al-

GaN/AlN QWs

5.2.1 AlN and GaN Band Structure

In wurzite semiconductors, the valence band maximum is split both by the

spin-orbit interaction (△so) and by the non-cubic crystal-field (∆cr) splitting

energy near the Γ point in the Brillouin zone. This energy splitting gives

rise to the three states in the Brillouin zone center, namely, Γ9, Γ7, and Γ7.

It was predicted by theoretical calculation that the order of these bands is

fundamentally different between AlN and GaN due to the difference in the

crystal-field splitting energy of AlN and GaN [1, 2]. Because of this, the

transition between the lowest conduction band and top-most valence band

is different between AlN and GaN. This optical selection rule influences the

optical properties of AlGaN alloy. While AlN was found to have a negative

crystal-field splitting energy of ∆cr = −217 meV [1–5], GaN was found to

have a positive ∆cr of 11 meV [6].

The three interband transitions in AlN and GaN that result from the

splitting of crystal field and spin-orbital splitting energy are shown in Figure

5.1. This splitting leads to valence band arrangements in the order of Γ7, Γ9,

and Γ7 from the top for AlN and in the oder of Γ9, Γ7, and Γ7 for the case

of GaN. Conversely, the interband transition between the lowest conduction

band to the topmost valence band occur determine the bandgap energy.

The spin-orbital splitting energy of AlN was experimetally determined

to be +36 meV [4]. For GaN, this spin-orbital splitting energy was also

experimentally determined to be +11 meV [7]. However, the opposite signs

of crystal-field energy in AlN and GaN led to their differences in interband

transition. This crystal-field splitting energy is strongly dependent on the

structural parameters that constitute a material, in terms of its cell-internal

structural parameter u and the ratio c- and a-lattice constant (c/a) [1, 2].

Because of the strong ionicity of AlN, the lattice is strongly distorted from

that of its ideal wurzite structure, giving rise to its negative crystal-field

splitting energy. Owing to this, the valence band line up is different from

that in GaN, as depicted in Figure 5.1, showing the three transitions from

the valence bands to the lowest Γ7c conduction band depicted as A, B and C
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Figure 5.1: Optical transitions between the conduction band the valence band
at the Γ point in AlN and GaN. A, B and C band transitions are shown in the
order of increasing transition energy as well as the corresponding allowable
light polarization.

transition in the order of increasing transition energy.

As a consequence of the negative crystal-field splitting energy in AlN,

the A-excitonic transition has Γ7 character. This A transition is allowed

for the electric field light polarization E parallel to the c-axis (E ∥ c). On

the other hand, the B and C transitions are allowed for E perpendicular to

the c-axis (E ⊥ c). Conversely, the A transition is almost prohibited for E

perpendicular to the c-axis (E ⊥ c) and vice versa for B and C transitions

for (E ∥ c). For AlN grown on c-plane, it exhibits a weaker surface emission

(E ⊥ c) while an intense emission is expected from from a- or m-planes, in

accordance to the optical selection rule. An opposite case is true for GaN

grown on c-plane where the intense emission is observed from the surface

while the weak emission is observed from m- or a-plane. Along with the

hexagonal crystal structure, the optical polarization property of AlN and

GaN is schematically drawn in Figure 5.2.

5.2.2 Optical Transition in Ternary AlGaN

When Ga(Al) is incorporated into AlN(GaN) to form an AlGaN ternary al-

loy, an interesting optical polarization phenomenon occurs. This is because

of their differences in valence bands lineup as explained above. For the III-V

semiconductors such as AlN and GaN, the conduction states transform like

s-functions (S-symmetry) while the valence states transform like p-functions

(symmetry Px, Py, Pz). Considering the case of AlN, in the absence of spin-

orbit interaction, the top of the valence at the Γ point (valence band maxi-
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Figure 5.2: The difference in crystal-field splitting energy of (a) GaN and (b)
leads to the unique optical polarization properties in AlGaN. While an intense
emission from the c-plane is expected from GaN, weaker surface emission is
expected for AlN due to their differences in crystal-field energy (△cr).

mum) is split into single- and twofold-degenerate states. Using the irreducible

representations of group theory, the single-degenerate state is labeled as Γ1

whose wave functions transform like Z. For the twofold-degenerate state, it

is labeled as Γ6 and the wavefunction transforms like X and Y . With the

presence of spin-orbit interaction, which splits the valence states, the spin

component (spin up or down) must be considered and the valence p-states

have mixed-spin character. Thus, the twofold-degenerate Γ6 is split into Γ9

and Γ7 levels while the single-degenerate Γ1 is labeled as Γ7 [1, 8].

Because the topmost Γ7 in AlN is the |Z >-like CH state and Γ9 in GaN is

the |X±iY >-like HH state, the emission from high (low) Al-content AlGaN

is expected to be polarized along the E ∥ c (E ⊥ c) direction. This means

that a high-Al content AlGaN behaves like AlN while low Al-content AlGaN

behaves like GaN, as depicted in Figure 5.3. This change in the optical

emission property with Al incorporation occurs at a certain Al composition

(x), which is dependent on the material system. This system, whether a bulk

AlGaN, strained AlGaN or quantum confined AlGaN on AlN, could affect

the polarization anisotropy or the Al composition with which polarization

switch occurs. This characteristic has been reported for AlGaN thick layers

in which the polarization switched from E ⊥ c to E ∥ c at x = 0.25 as the Al

composition is increased [9]. This result also implies that the characteristic

weak surface emission of AlN is already observable in AlGaN layer with Al

composition as low as 0.25. This has prompted the idea to use non-polar

planes where the expected strong surface emission can be achieved.
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One of the main reasons for still unverified polarization switch is the

compromising quality of AlGaN layer, which still remains a challenge com-

pared to the more mature growth technology in InGaN systems. Thanks to

the modified MEE method, the fabrication of high-quality AlGaN/AlN QWs

having different Al composition is already realized.

��� � ����	��
���� �������
�����

���
 ! "$#&%('*),+ ! -. 
�  

� /10��32

���
�  

4	5 
�768� 9:9;�<�=�
����>

?7@ A+

 : -. 

�  

?7B!C�D EFA

?7@ AG H
GJI
GKH

Figure 5.3: The valence bands lineup between GaN and AlN. The
switch of optical polarization occurs at a certain Al composition (x) in
AlxGa1−xN/AlN. This Al composition at which the polarization switch oc-
curs is dependent on the material system AlGaN is fabricated onto.

5.2.3 Theoretical Study on Intense Surface Emission

from c-plane

The result of the polarization property on thick AlGaN layers presented above

further supported the idea that non-polar planes are the answer (E ⊥ c) to

achieve intense surface emission from Al-rich AlGaN [9]. But one great chal-

lenge that must be overcome is to optimize the growth technology along these

planes, which still remains at early development stages up to this writing. On

the other hand, it was demonstrated by a theoretical investigation that, by

engineering the valence band through decreasing the well width (Lw) and/or

introducing in-plane compressive strain in c-oriented AlGaN QWs, (with an

infinite barrier height) remarkable enhancement in surface emission (E ⊥ c)
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can be achieved [10]. This is clearly advantageous for conventional surface

emitters relying on better-established c-oriented AlGaN QWs. This theoret-

ical prediction has not experimentally been demonstrated yet; rather, lumi-

nescence from c-oriented Al0.66Ga0.34N/Al0.76Ga0.24N QWs on Al0.86Ga0.14N

(0.6 µm)/AlN (1.5 µm) [3,4] and Al0.11In0.03Ga0.86N/Al0.2In0.03Ga0.77N QWs

on Al0.2Ga0.8N (2µm)/AlN (1µm) [11] have been reported to exhibit emission

with E ∥ c.

5.2.4 Purpose of Study

The main purpose of this chapter is to analyze the polarization property

of Al-rich AlxGa1−xN/AlN (x > 0.69) multiple QWs (MQWs) grown by

modified MEE on sapphire (0001) substrates. The experimental result will

be correlated with the theoretical investigation and a simple model will be

presented.

5.3 Experimental Procedure

5.3.1 Sample

The samples are the same as those used in Chapter 4. The AlxGa1−xN/AlN

MQWs were fabricated on ∼600-nm-thick AlN/sapphire (0001) templates.

The 10-period MQWs have barrier (AlN) thickness of ∼12.5 nm (21 growth

cycles) while the AlGaN well layer has a thickness varied per AlGaN growth

cycle (1 cycle as the minimum to 10 cycles). The AlxGa1−xN layers were

grown coherently on AlN, as demonstrated by reciprocal space mapping mea-

surements discussed in Chapter 4. To investigate the optical polarization

properties, the E ⊥ c and E ∥ c components were resolved by cleaving the

samples in order to collect the photoluminescence signal from the samples’

edge. Cleaving was performed by a laser scriber machine, exposing the m-

plane of the AlN. The schematic of the sample is shown in Figure 5.4.

5.3.2 Optical Polarization PL Setup

Figure 5.5 shows the DUV PL setup used for the optical polarization study.

The optical measurements were carried out at 8.5 K under cryogen-free cryo-

stat. An ArF (λ = 193 nm) pulsed laser with an average laser power of 2.5

mW was used . The excitation laser was incident at the surface normal and

the PL was collected from the edge by one lens and focused at the entrance
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Figure 5.4: Schematic AlGaN/AlN MQWs samples cleaved along the m-
plane with respect to AlN used for optical polarization experiments. Using
this this set-up, the E ⊥ c and E ∥ c components are clearly resolved.

of a 30-cm monochromator by another lens, as shown in the inset of Figure

5.5. This configuration allowed the polarization PL properties of E ⊥ c and

E ∥ c to be directly assessed using a polarizer inserted between these lenses.

All the spectra of AlGaN/AlN MQWs were treated by the PL system po-

larization. The system polarization spectra is seen from the inset in Figure

5.5.

5.3.3 Al Composition Dependence Polarization PL

from AlxGa1−xN/AlN QWs

The polarization dependence of Al composition (x) in AlxGa1−xN/AlN QWs

is discussed first. Figure 5.6 shows the polarization PL spectra of a series

of ∼1.5-nm-thick AlxGa1−xN/AlN QWs with various Al compositions, using

the experimental set-up described in Figure 5.5. Also shown in the inset

is the polarization PL of AlN used as the template epilayer. The solid line

indicates the emission perpendicular to the growth c-axis and the broken line

is the polarization parallel to the c-axis. The polarization degree (ρ) can be

expressed mathematically as:

ρ =
I⊥ − I//

I⊥ + I//

, (5.1)

where I is the PL intensity perpendicular (⊥) and parallel (//) to the c-axis.

First, the polarization degree of AlN was evaluated and it showed that the
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Figure 5.5: Photoluminescence (PL) experimental set-up for observing the
optical polarization property of AlxGa1−xN/AlN QWs (QWs). Inset figure
shows the configuration of the sample in detecting the PL from the edge.

degree of polarization was −0.82. This quantity signifies strong polarization

along the E ∥c direction. This result is consistent with earlier reports [2–4],

and verifies the experimental setup used.

For AlGaN/AlN QWs, as Al composition is decreased from 0.91 to 0.69,

the predominant polarization switched from E ∥ c to E ⊥ c at Al composition

x ∼ 0.82. The polarization degrees, ρ, were evaluated and tabulated in the

table below.

Table 5.1: The degree of polarization of AlN and the dependence of polariza-
tion with Al form AlxGa1−xN/AlN QWs. AlN shows polarization with E ∥
c while the QWs showed a polarization switch with Al composition.

Al composition (x) 0.69 0.82 0.91 1.0
ρ 0.07 0.03 -0.24 -0.82

Well Thickness (nm) 1.04 1.41 1.76 -

It is strongly emphasized that the AlxGa1−xN/AlN QWs with Al com-

position of x = 0.82 shows a strong surface emission. This means that even

at the emission wavelength (λ) of ∼225 nm, intense surface emission can

be observed. These findings indicate that the topmost valence bands of the

MQWs change from Γ7 similar to that in AlN to Γ9 like that in GaN at x

as high as 0.82. The switch in optical polarization occurs at a much higher
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Figure 5.6: Polarization PL spectra of c-oriented AlxGa1−xN (∼1.5 nm)/AlN
MQWs with different Al compositions of 0.91, 0.82, and 0.69. Inset shows
polarization PL spectra of c-oriented AlN.

Al composition compared to previous reports [11–13] where the mechanism

is going to be discussed in the next sections.

5.3.4 Well width Dependence Polarization PL from

AlGaN/AlN MQWs

The well width dependence polarization PL is then assessed by considering

MQWs with Al composition of x = 0.82 with various well widths. The PL

spectra are shown in Figure 5.7. The broken lines are those with E ∥ c

polarization while those spectra with solid lines have E ⊥ c polarization.

The calculated polarization degrees which were calculated from their peak

intensities and using the equation 5.1 is tabulated in the table below.

Table 5.2: Well width dependence polarization PL from Al0.82Ga0.18N/AlN
MQWs. The polarization degree changed from E ∥ c to E ⊥ c as the well
width (Lw) is decreased.

Well width (Lw) 13 nm 8.0 nm 1.3 nm
Polarization degree (ρ) -0.17 -0.12 0.013

The emissions from QWs thicker than 8.0 nm showed (E ∥ c) polarization

while the 1.3-nm-thick QW was predominantly polarized along the (E ⊥



120
Optical Polarization Anisotropy in AlN and

Al-rich AlGaN/AlN QWs

c) direction. This clearly indicates that quantum confinement affects the

valence band order and, consequently, promotes (E ⊥ c) polarization.
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Figure 5.7: Polarization PL spectra of c-oriented Al0.82Ga0.18N/AlN MQWs
with different well widths (Lw) of 1.3, 8.0, and 13 nm. The polarization
changed from (E ∥ c) to (E ⊥ c) as the well width (Lw) is decreased.

5.4 Discussion: Polarization Anisotropy in

AlGaN/AlN QWs

5.4.1 Valence Band Energies

To complete the general picture of the polarization properties in AlGaN/AlN

QWs, several QWs with various Al compositions and well widths were fab-

ricated and the result of the polarization studies is summarized in Figure

5.9. The closed circles depicts polarization perpendicular to the c-axis while

open circles shows polarization parallel to the c-axis. As expected, higher Al

composition results in (E ∥ c). Conversely, lower Al composition results in

(E ⊥ c) polarization.

The broken line in the figure shows the onset of polarization switch. For

QWs with well width thicker than ∼3 nm, the critical Al composition for

polarization switch was ∼0.8 and independent of the well width (polarization

switch does not change with well width). The reason for such independence

on well width will be discussed in succeeding paragraphs. On the other hand,
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for QWs thinner than ∼3 nm, the critical composition shifted toward a higher

Al composition, which can be attributed to the quantum confinement effect.
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Figure 5.8: Plot of polarization direction of the emission from AlGaN/AlN
QWs as functions of Al composition and well width.

As discussed in Section 5.2.2, the results from the polarization studies

are closely related to the ordering of the valence bands (HH, LH and CH)

as the nature of each band determines the polarization property in AlGaN.

Using the k·p method with the cubic approximation [14], HH, LH and CH

band-edge energies evaluated at k = 0, respectively are:

E(Γ9) = ∆cr +
∆so

3
+ θε + ∆ε, (5.2)

E(Γ7) =
∆cr − 1

3
∆so + θε

2
+ ∆ε +

√(
∆cr − 1

3
∆so + θε

2

)2

+ 2

(
1

3
∆so

)2

,

(5.3)

E(Γ7) =
∆cr − 1

3
∆so + θε

2
+ ∆ε −

√(
∆cr + 1

3
∆so + θε

2

)2

− 2

(
1

3
∆so

)2

.

(5.4)

The strain effects are defined as

∆ε = D1εzz +D2(εxx + εyy), (5.5)

θε = D3εzz +D4(εxx + εyy). (5.6)
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Since the AlGaN layers are fully-strained and grown along (0001) (c-axis)

direction, the strain tensor has following relation:

εxx = εyy =
a0 − a

a
, (5.7)

εzz = −2
C13

C33

εxx, (5.8)

where ao and a are the lattice constants of the substrates and the epitaxial

layer. The ∆so is the spin-orbit splitting energy, ∆cr is the crystal-field

splitting energy, Di is the deformation potential, Cij is the elastic stiffness

constant, and εxx and εzz are the strain tensor elements along the x, y and z

(c-axis) direction, respectively [14].

5.4.2 Theoretical Prediction on Polarization Switching

Phenomena

For the determination of polarization switching phenomenon in AlGaN alloy,

the upper Γ7 and Γ9 must be considered since their ordering is different from

between AlN and GaN, as discussed in Section 5.2.1. Taking the difference of

these two bands, the onset of polarization switch at certain alloy composition

can be determined. In this study, the material systems being considered

are: (1) unstrained AlGaN, (2) strained AlGaN on unstrained AlN, and (3)

quantum confined AlGaN/AlN.

Thus, using the k·p approach with the cubic approximation, the energy

separation between the upper Γ7 [Equation (5.3)] and Γ9 [Equation (5.2)]

can be deduced as:

E(Γ7) − E(Γ9)

= −1

2

[
∆cr + ∆so + θε −

√
(∆cr + ∆so + θε)

2 − 8

3
∆so(∆cr + θε)

]
, (5.9)

where θε has been defined in Equation 5.6.

5.4.3 Effects of ∆cr and θε on the Polarization switch

A simple model will be presented to explain the polarization anisotropy in

AlGaN. Equation (5.9) is used to extract the critical Al composition at which

polarization switch occurs in AlGaN alloy. To understand the effect of strain

and quantum confinement, three material systems will be presented and these
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are: (a) unstrained AlGaN, (b) strained AlGaN on unstrained AlN and, (c)

AlGaN/AlN QWs. and their corresponding band structures are summarized

in Figure 5.9.

AlGaN alloys fabricated under different material systems are clearly under

different strain states therefore the strain component (θε) affects the com-

position at which the polarization switch occurs. Moreover, the crystal-field

parameter ∆cr is defined as proportional to the deviation of the structural

parameters u and the ratio c/a of their lattice constants from their corre-

sponding unrelaxed values [17]. Thus the crystal-field parameter also affects

the composition at which the polarization switch occurs. Theoretical calcu-

lations [2, 3] and a recent experiment [4] both indicate that ∆cr in AlN is

around -220 meV. Therefore, −217 meV [2] was used in this study, while the

remaining parameters were from Reference [6].

For AlxGa1−xN, E(Γ7) − E(Γ9) using Equation (5.9) can be zero at the

critical Al composition (xcritical), that is, the onset of polarization switch.

From the equation, the condition where the difference between (Γ7)−E(Γ9)

becomes zero (E(Γ7)−E(Γ9) = 0) corresponds to ∆cr +θε = 0, and thus, the

critical Al composition can easily be extracted assuming a linear relationship

between AlN and GaN parameters.

The case of bulk AlGaN is depicted in Figure5.9a. For this case, taking

the condition of ∆cr = 0, the critical Al composition can be estimated to be

x = 0.044. This means that above x = 0.044, (E ∥ c) becomes the dominant

emission. For the case of strained AlGaN on unstrained AlN (Figure 5.9b),

considering the sum of ∆cr + θε = 0, this moves the polarization switch

to occur at x = 0.60. This occurrence of polarization switch from (E ⊥
c) to (E ∥ c) at much higher critical Al composition can be qualitatively

understood by considering the effect of strain on each valence band. The

in-plane compressive strain in AlGaN pushes the |X±iY>-related bands (Γ9

and lower Γ7) upwards. But the tensile strain along the growth direction

pushes the |Z>-related band (upper Γ7) downward, as schematically illus-

trated in Figures 5.9(a) and 5.9(b). Consequently, the energy separation

between the topmost Γ7 and Γ9 decreased, and then a larger Al composition

is necessary for the polarization switch. It should be noted that 1-µm-thick

AlGaN on sapphire (0001) experimentally showed the polarization switch at

x = 0.25 [9], implying the presence of residual strain.

An additional factor that can affect the valence band structure is the

quantum confinement. Because the hole effective mass at the topmost Γ7 in

AlN is much lighter than that at Γ9 (0.26 m0 vs. 3.57m0) [6], the energy of this
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Γ7 is drastically lowered by quantum confinement. As drawn in Figures 5.9(b)

and 5.9(c), stronger confinement eventually causes the crossover between Γ7

and Γ9.

���

�������

	�


	�

	�


������� �����

��� �������

���  �!����

"$# %'&�&�(*)'+*,�-/.0"$# +21�-

3 4653 7�5*8$9;:=< > 7'? 9;@6A
BC DE7�F

G/G
H�G
�*G

������� �'IJ�

������� K�� ��L���� K��

MON�P;Q ) R*S T

5�U2< > 7�? 9�@�A BVC DE7'F2W
8X9;:=< > 7'? 9�@�A�BVC F

3 Y�5�ZO[;7�9;< [�\
]X^'9=_ ? 9;@'\O@'9;<

Figure 5.9: Schematic of band structures for (a) unstrained AlGaN, (b)
strained AlGaN/AlN, and (c) AlGaN/AlN QWs near the Γ point. CB stands
for conduction band.

To quantify the quantum confinement effect on the valence band or-

der, the quantized levels for the upper E(Γ7) and E(Γ9) in AlGaN/AlN

single QWs were evaluated numerically solving a simple one-dimensional

Schrödinger equation:

− h̄2

2m∗
∂2ψ(z)

∂z2
= Eψ(z), (5.10)

where strain-dependent effective mass m∗ was assumed at Γ7 [14]. Then the

energy difference between E(Γ7) and E(Γ9) in the QW (that is, E(ΓQW
7 ) -

E(ΓQW
9 )) was calculated. Figure 5.10 depicts the contour plot of the calcu-

lated energy difference between E(ΓQW
7 ) and E(ΓQW

9 ). As mentioned earlier,

E(ΓQW
7 )−E(ΓQW

9 ) = 0 corresponds to the occurrence of polarization switch.

When the flat-band condition was assumed by neglecting the internal

electric field, the critical Al composition for E(ΓQW
7 )−E(ΓQW

9 ) = 0 in thicker

QWs approached x ∼0.60, as demonstrated by the (red) thick dotted line

in Figure 5.10. This is reasonable because thicker QWs resemble strained
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thick AlGaN layers where the critical Al composition was determined to be

0.60 using Equation (5.9). However, this is not the case for thinner QWs

as it moves the valence bands through quantum confinement as explained

in Figure 5.9, which promotes the E(ΓQW
9 )-related emission with (E ⊥ c).

Although this tendency qualitatively fits the experimental data shown in

Figure 5.8, it quantitatively does not. Hence, the effect of the internal electric

field caused by the spontaneous and piezoelectric polarizations was included.

The magnitude of the internal electric field can be estimated from [15,16]

Fw =
P SP

b + P PZ
w − P SP

b − P PZ
w

ϵw + ϵb(Lw/Lb)
, (5.11)

Fb = −Lw

Lb

Fw, (5.12)

where ϵ is the static dielectric constant, L is the layer thickness and the sub-

scripts b and w represent the barrier and the well, while the superscripts SP

and PZ represent the spontaneous and piezolectric polarization, respectively.

As seen from Equation (5.11), the magnitude of the internal field depends on

the relative thicknesses of the well and the barrier layers. The strain-induced

piezoelectric polarization can be calculated as

P PZ = 2

(
e31 −

C13

C33

e33

)
ϵ∥, (5.13)

where eij is the piezoelectric coefficients and ϵ∥ is the in-plane strain equal

to ϵxx. Since the QWs were grown on thick AlN template, the AlN barrier

layer is assumed to be relaxed while the AlGaN QWs experience in-plane

compressive strain. Hence, the piezoelectric polarization charge in the barrier

(P b
SP ) is zero while the values of the piezoelectric constants for AlxGa1−xN

used for the calculation is by linear interpolation between the reported values

in literature for GaN and AlN [6].

On the other hand, because the reported spontaneous polarization in AlN

spans a fairly broad range from −0.12 to −0.036 C/m2, this was treated as

a fitting parameter. Consequently, a value of −0.040 C/m2 for spontaneous

polarization provided a good agreement between the experiment (Figure 5.8)

and calculation, as indicated by (black) thick and thin lines in Figure 5.10.

Further decreasing the spontaneous polarization to the well-accepted −0.090

C/m2 [6] pushed the zero line to x ∼ 0.85. Therefore, as has been occasionally

reported [16,18,19], the spontaneous polarization in AlN is considered to be

−0.040 C/m2.
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Figure 5.10: Contour plot of the calculated energy difference of E(ΓQW
7 ) −

E(ΓQW
9 ). The numbers in italics are the energy difference in the unit of eV.

The (red) dotted thick line is the E(Γ7)−E(Γ9) = 0 line for flat-band QWs
without a polarization field, while (black) thick and thin lines are for QWs
assuming the spontaneous polarization of −0.040 C/m2

The internal electric field shifted the critical Al composition that satisfies

(EΓQW
7 ) − (EΓQW

9 ) = 0 toward higher Al compositions, and the switch was

more remarkable for thicker QWs. These are due to a triangular potential

profile induced by the internal electric field as depicted in Figure 5.11. Such

a profile still creates the quantum confinement effect even in thick QWs, and

consequently, promotes the mechanism shown in Figure 5.9(c). Thus, the

switch of the critical Al composition is governed by the quantum confinement

due to the well width for thinner QWs, but is governed by that due to the

internal electric field for thicker QWs.

For AlGaN-based DUV emitters reported so far, the occurrence of po-

larization switch varies due to the several factors which include the state of

strain in the QWs. For example, the c-oriented Al0.66Ga0.34N/Al0.76Ga0.24N

QWs on Al0.86Ga0.14N (0.6 µm)/AlN (1.5 µm) templates showed (E ∥ c)

polarization [12, 13]. The well thickness was 5 or 10 nm. Although at first

glance, the result seems to disagree with Figure 5.10, the discrepancy can
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Figure 5.11: The effect of triangular profiles induced by electric fields on the
critical Al composition (x) for polarization switch. When internal electric
is neglected (a), the critical x approaches to 0.60 which does not fit the ex-
perimental result. When internal electric field is considered, the polarization
shifts at x ∼ 0.85, which fits the data.

be explained by (a) weak quantum confinement due to the relatively thick

well width, (b) weak quantum confinement due to the Al0.76Ga0.24N barrier

layer, and (c) the weak internal electric field in the well due to the com-

pensation with that in the Al0.76Ga0.24N barrier layer; all of which may con-

tribute to the promotion of (E ∥ c) polarization. Although the strain state

seems complicated due to the presence of the 0.6-µm-thick Al0.86Ga0.14N

layer, the simple model presented above predicts (Γ7) − E(Γ9) ∼ 0 for an

Al0.66Ga0.34N/Al0.76Ga0.24N QW coherently grown on AlN. This is the most

extreme condition, and if the underlying Al0.86Ga0.14N layer is relaxed to

some extent, (E ∥ c) polarization is promoted, thus, there is a tolerable

agreement between the model presented and the reported polarization.

5.4.4 Confirmation of Intense Surface Emission

To confirm that a strong surface emission is actually observed in

AlxGa1−xN/AlN QWs up to 0.82, surface emission PL measurements were

performed on the same samples shown in Figure 5.6. In this measurement,

the laser was incident about 60 ◦ from the surface normal and the PL signal

was collected from the surface of the sample by collimating and focusing lens

going into the monochromator. The experimental set-up is shown as inset in
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Figure 5.12 where it shows the relative intensities obtained from the QWs.

Expectedly, an intense surface emission is observed for AlxGa1−xN/AlN QWs

with x ∼ 0.82 while on the other hand, weak surface emission was observed

for QWs with x ∼ 0.91.
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Figure 5.12: Confirmation of intense surface emission from samples measured
from the edge as shown in Figure 5.6. As expected intense surface emission
is observed up to x ∼ 0.82 while on the other hand, the surface emission
from x ∼ 0.91 QWs shows weak surface emission. Inset shows the PL set-up
used in this experiment.

5.5 Future Application

One of the most important consequences of this finding is that conventionally-

grown AlGaN QW on c-plane can be used to fabricate surface-emitting lasers

even at wavelengths as small as λ ∼ 225 nm. This is in contrast to the

conventional idea that for such short emission wavelength, the device must

be fabricated on non-polar planes to achieve intense surface emission.

But with this new finding, UV emitters can be fabricated on the conven-

tional c-plane and yet achieve an an intense surface emission down to λ ∼
220 nm (see Table 5.3).
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Figure 5.13: The consequence of intense surface emission at x ∼ 0.25 (λ ∼
220 nm). With such intense emission at short wavelength, surface emission
is possible for c-plane-based UV emitters.

Table 5.3: Comparison of the surface emission between conventional idea
with the new idea. Strong Surface emission is found possible for AlGaN up
to x ∼ 0.80. This opens for a new application for c-plane grown devices.

Conventional Idea New Finding
Conventional Edge-emitting TM Mode TE Mode

laser structure
Surface Emitters Weak Surface Strong Surface
(LED, VECSEL) Emission Emission

5.6 Summary

In summary, a unique optical polarization properties was observed in Al-

rich (x > 0.69) AlxGa1−xN/AlN QWs. The emission with the polarization

along (E ⊥ c) is observed up to x∼0.82, particularly for thinner QWs. This

large Al composition for the polarization switch from (E ∥ c) to (E ⊥ c) is

attributed to the in-plane compressive strain and the quantum confinement

due to narrow wells and/or internal electric fields. The results presented

indicate that the appropriately designed c-oriented AlGaN QWs can produce

a intense surface emission even in the DUV spectral range which is the key

in reconciling good crystalline qualities and emission properties.
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Chapter 6

Conclusion

In this thesis, the growth and characterization of high-quality AlN and Al-

rich (x > 0.69) AlxGa1−xN/AlN QWs fabricated by modified MEE were

presented. The conclusion for each chapter is presented accordingly.

In chapter 1, the research history of III-V nitride semiconductors, its cur-

rent status, and future trend were presented. Specifically, since the future

research trend is moving toward smaller spectral emission range, the cur-

rent status of AlN and AlGaN was discussed. AlN ans AlGaN are found

interesting because of its unique optical properties.

Chapter 2 explained the growth and characterization of AlN epilayer

grown by simultaneous source-supply, MEE, and modified MEE. The struc-

tural quality of ∼600-nm-thick AlN was compared among these three meth-

ods. To understand their differences in structural quality, the initial nucle-

ation stage (AlN < 100 nm) was investigated. AFM images clearly demon-

strated that the degree of Al-adatom migration between each method is dif-

ferent where the lowest migration degree happened for simultaneous source-

supply while MEE has the most enhanced migration, and modified MEE has

a migration degree in-between them. This degree of migration is character-

ized by the preferred or random nucleation and ridge height of nuclei. On

the other hand, for thick (> 400 nm) AlN, the Al-adatom surface migration

was lowest in simultaneous source-supply method and comparable between

MEE and modified MEE. The growth rates were also determined for each

method where simultaneous supply had 0.50 nm/s (= 2 ML) while MEE

had 0.25 nm/cycle (1 ML). On the other hand, the growth rate of modified

MEE was found to be the sum of other two methods (= 3 ML), which clearly

demonstrated that no gas-phase pre-reaction occurred even for simultaneous

supply. It was found out that the modified MEE was able to achieved the

best-quality AlN epilayer as confirmed AFM and XRD measurements.
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As a high-quality AlN was achieved by modified MEE, chapter 3 dis-

cussed the growth characteristics of this method. Particularly, the growth

temperature and V/III ratio weighted heavily on the structural quality of

the epilayer as measured by the XRD linewidths of both symmetric (0002)

and asymmetric (101̄2) planes. Th structural quality was sensitive to growth

temperature as a slight change (5 ◦C) degraded the epilayer quality. The

V/III ratio also affected the epilayer where a decrease of V/III obtained a

rough surface morphology while a V/III ratio beyond the optimum obtained

an epilayer with nano-pits. Temperature-dependence PL was performed and

the room-temperature to low-temperature PL ratio achieved as high as ∼15

%, suggesting the high-quality of the epilayer.

In chapter 4, the fabrication of Al-rich AlxGa1−xN/AlN MQWs was per-

formed using the modified MEE method. The incorporation of Al (x = 0.69

- 1.0) in the well was controlled by decreasing the growth temperature from

1225 ◦C to 1080 ◦C. On the other hand, the well widths were also varied by

increasing the number of cycles of (TMA + TMG)/NH3 supply. The suc-

cessful fabrication of QWs with different thicknesses and compositions were

confirmed by XRD measurements and supported by x-ray rocking curve sim-

ulation. The optical characterization on QWs were performed and an intense

emissions as low as 215 nm (x ∼ 0.91) was achieved.

In chapter 5, the optical polarization anisotropy probed by PL measure-

ments both in AlN and Al-rich AlxGa1−xN/AlN were performed. For AlN,

the polarization degree, ρ, was ∼0.82 confirming the strong polarization with

E ∥ c. On the other hand, since AlN has negative crystal splitting energy

(∆cr = −217 meV) in contrast to the positive value of GaN (∆cr = 11 meV),

polarization switch from E ∥ c to E ⊥ c at an Al composition of x ∼0.83.

This is a first experimental evidence that surface emission is possible at this

high Al content. This was possible due to quantum confinement coupled by

strain and internal electric field effect caused by spontaneous and piezoelec-

tric polarizations. Moreover, the well width dependence of the polarization

properties was assessed using Al0.82Ga0.18N QWs and it showed that thicker

QW (> 3 nm) promotes E ∥ c polarization as a consequence of quantum

confinement. This observation was interpreted using a simple model and

the experimental result agreed very well with the calculation after consider-

ing the in-plane compressive strain and quantum confinement due to narrow

wells and/or internal electric fields.
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