
ABSTRACT 

WANG, KE. Development of Crack-free AlGaN on GaN based on Facet-Controlled Epitaxial 

Lateral Overgrowth. (Under the direction of Dr. Zlatko Sitar and Dr. Ramón Collazo). 

 

AlGaN/GaN heterostructures are critical for optoelectronic and electronic devices. 

However, once the AlGaN exceeds a critical thickness threshold, cracking occurs, which 

negatively impacts the device’s performance. In this study, a strain relaxation scheme based on 

facet-controlled epitaxial lateral overgrowth (FACELO) was investigated to grow high-quality, 

thick, crack-free Ga-rich AlGaN (target 30% Al) on a GaN substrate. FACELO of AlGaN was 

developed in two parts. The first part was to achieve GaN with a triangular cross-section on a 

stripe-patterned substrate via epitaxial lateral overgrowth (ELO) and the second was to grow 

AlGaN on ELO GaN to achieve coalescence.  

The formation of (0001) {1120} {1122}  facets in ELO GaN was investigated under 

different Ga vapor supersaturations and by changing the growth temperature and the NH3 

concentration. ELO was conducted via metalorganic chemical vapor deposition on stripe-patterned 

GaN/sapphire templates aligned in the  1100   direction of the GaN. The role of supersaturation 

to control the facet formation and the shape of the ELO GaN islands is demonstrated herein and 

indicates that {1122}  facets are favored under high Ga vapor supersaturation and {1120}  facets 

are favored under low Ga vapor supersaturation. A qualitative model that is based on surface 

energy minimization and density functional theory calculation is proposed to illustrate the 

mechanism that underlies the formation of facets in ELO GaN islands. 

FACELO AlGaN was grown on ELO GaN with inclined facets on stripe-patterned 

substrates. It was found that an increase in growth temperature and/or NH3 concentration favored 

coalescence of FACELO AlGaN. Specifically, increasing the NH3 concentration was more 

effective in achieving coalescence than increasing the growth temperature. A high temperature and 



a high NH3 concentration were employed as conditions for growing AlGaN on ELO GaN. SEM 

demonstrated the full coalescence of a clean AlGaN surface without cracks. The thickness of the 

AlGaN was measured to be around 8 𝜇m and locally smooth. Room-temperature 

photoluminescence determined that the Al composition of the surface of the coalesced AlGaN was 

25% with no defect peaks. Reciprocal space mapping (RSM) indicated that the AlGaN was fully 

relaxed.  

Although the surface of the coalesced FACELO AlGaN on stripe-patterned substrate was 

crack-free, unexpected cracks perpendicular to the stripes were observed in the ELO GaN layer. 

This finding may be due to the possibility that misfit dislocations (MDs) were one-dimensionally 

distributed and relieved strain uniaxially. The strain that was at the AlGaN/GaN interface and 

parallel to the MD lines was relaxed via cracks, which propagated to the GaN layer. As the AlGaN 

growth continued, these cracks were buried and thus did not show on the surface of the coalesced 

AlGaN. A hexagon-patterned substrate was utilized to circumvent the one-dimensional cracks in 

the FACELO AlGaN on the stripe-patterned substrate. SEM and optical microscope images 

showed that no cracks were present either on the surface or inside the FACELO AlGaN on the 

hexagon-patterned substrate. Also, RSM demonstrated that the FACELO AlGaN on the hexagon-

patterned substrate was fully relaxed. Therefore, two-dimensionally distributed MDs should be 

generated at the AlGaN/GaN interface to relieve strain and prevent cracking. 
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Chapter 1: Introduction 

1.1. Dissertation overview 

Gallium nitride (GaN), aluminum nitride (AlN), and their ternary alloy, AlGaN, are direct 

bandgap semiconductors with bandgap energy ranging from 3.39 eV for GaN to 6.04 eV for AlN 

at room temperature  [1]. Due to their advantages, such as having direct bandgaps leading to 

tunable wavelengths that can cover the whole ultraviolet (UV) range, these materials have been 

widely investigated to develop AlGaN-based UV emitters including light-emitting diodes (LEDs) 

and laser diodes (LDs). Compared with conventional UV sources, mercury lamps, AlGaN-based 

UV emitters offer numerous competitive advantages  [2–4]. For example, they are environmentally 

friendly, electrically dimmable, have high power conversion efficiencies, tunable wavelengths, 

long lifetimes, fast response time, and compact structures. Therefore, AlGaN-based UV emitters 

are considered potential candidates to replace current UV light sources.  

The UV spectral range is categorized into three sub-ranges: UVA (400 nm - 320 nm), UVB 

(320 nm - 280 nm) and UVC (280 nm -200 nm), each of which corresponds to a different 

application space. For example, Figure 1-1 shows several applications of AlGaN-based LDs in the 

UV range.   
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Figure 1-1: Applications in UVA, UVB, and UVC ranges for AlGaN-based LDs  [5]. 

Although much progress has been made with regard to AlGaN-based UV LEDs  [6–8], 

AlGaN-based LDs still face a lot of challenges. Specifically, LDs have a more complex structure, 

need thicker layers, and lower dislocation density than LEDs to achieve suitable optical and 

electrical confinement for lasing as well as high emission efficiency. To achieve high-performance 

AlGaN-based UV LDs, thick AlGaN layers are required for the cladding layer and waveguide. For 

UVB and UVC LDs, thick Al-rich AlGaN layers are used for cladding layer and waveguiding 

layer, and they can be grown on AlN substrate. For UVA LD, thick Ga-rich AlGaN layer is 

required. However, the growth of high-quality Ga-rich AlGaN layer (with Al content of 30%) is 

still a major challenge  [9]. 

Due to the lack of AlGaN substrates, AlGaN must be grown heteroepitaxially on a foreign 

substrate. AlGaN grown on a sapphire substrate typically has a threading dislocation density (TDD) 

higher than 109 cm-2, a level incompatible with highly reliable LD operations  [10]. Recently, 

commercially available native GaN and AlN substrates with extremely low TDD seem to offer 

better options. However, when Ga-rich AlGaN is grown on an AlN substrate, the AlGaN film is 
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compressively strained, leading to bowing of the substrate, which is not detrimental for epitaxial 

films with thickness < 1 𝜇m, but for thicker films that are required for LDs, the bowing becomes 

substantial, which eventually leads to degradation of the surface morphology and bow-related 

challenges in device processing  [11]. If Ga-rich AlGaN is grown on a c-plane GaN substrate, the 

epitaxial film is tensely strained; however, the primary slip system 1 3 1120 (0001)   is inactive 

due to the lack of resolved shear stress on the gliding plane (0001). In this case, misfit dislocations 

(MDs) cannot be generated at the heterointerface to relieve the strain and, as a result, strain 

relaxation occurs via cracking  [12,13], which directly affects the crystal quality and deteriorate 

the LD performance. Figure 1-2 shows surface cracking of an AlGaN film with 30% Al content 

grown on a GaN substrate despite the thickness of the AlGaN film is only 100 nm.  

 

Figure 1-2: Optical microscopy image of an AlGaN film grown on a GaN substrate. The Al-

content in the film is 30%.  

It has been experimentally shown  [14–17] that AlGaN layers with more than 10% Al 

content grown on c-plane GaN substrates will crack once their thickness exceeds the critical 

thickness for cracking, which depends on the Al mole fraction and the GaN template quality. 
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Figure 1-3 shows a detailed investigation of achievable thickness of Ga-rich AlGaN with various 

Al contents on native GaN substrates. As shown, for films with Al content of 9%, the layer 

thickness is limited to about 100 nm. For AlGaN film with Al contents larger than 13%, cracking 

occurs once thickness exceeds 100 nm, which is thinner than the AlGaN thickness required for 

most devices. This problem makes the growth of any optoelectronic or power devices which are 

based on Ga-rich AlGaN on c-plane GaN substrates unviable. 

 

Figure 1-3: Illustration of the achievable layer thickness as a function of the Al content for 

AlGaN films grown on native GaN substrates. 

For Ga-rich AlGaN grown on semipolar (1122) GaN, MDs can be generated at the 

heterointerface to relieve the strain  [18,19] due to the presence of an active primary slip system. 

However, semipolar growth has other challenges such as rough surface morphology, incorporation 

of stacking faults, and unwanted impurities  [20–23]. 
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Therefore, the motivation for this dissertation is to develop and understand a relaxation 

scheme to grow thick, high-quality, and crack-free Ga-rich AlGaN (with Al content around 30%) 

layers on GaN substrates. These layers can be used as templates for UVA LDs.  

The dissertation is presented in the following sequence. Chapter 1 introduces the basic 

material properties of III-nitrides, reviews previous epitaxial lateral overgrowth (ELO) of GaN, 

and proposes facet-controlled epitaxial lateral overgrowth (FACELO) as the relaxation scheme to 

achieve aforementioned goal. Chapter 2 investigates the facet formation as a function of the vapor 

supersaturation of Ga and proposes an energy minimization model to explain the mechanism of 

facet formation in the ELO GaN. Chapter 3 focuses on developing and optimizing the appropriate 

growth conditions that are needed to achieve thick and crack-free AlGaN with a clean surface via 

FACELO. Details regarding the crystal qualities of AlGaN achieved via FACELO are discussed. 

Chapter 4 investigates strain relaxation of the FACELO AlGaN. Finally, in Chapter 5, this work 

is summarized including possible future work. 

 

1.2. Properties of group III-Nitrides 

III-nitrides are compound semiconductors that include indium nitride (InN), GaN, AlN as 

well as their ternary and quaternary alloys. III-nitrides are direct bandgap semiconductors with 

bandgap energy ranging from 0.78 eV for InN to 3.39 eV for GaN to 6.04 eV for AlN at room 

temperature  [1]. Due to the advantages of having direct bandgaps thereby fast radiative 

recombination rate and a wide range of bandgaps that cover emission wavelengths from infrared 

(IR) all the way to UV, thus, III-nitrides are widely investigated for applications in optoelectronics 

such as photodetectors and emitters  [4].  
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There are two main crystal structures observed for III-nitrides, a cubic zincblende (ZB) 

structure and a hexagonal wurtzite (WZ) structure, the latter one is more thermodynamically 

favorable  [24]. All the III-nitrides discussed in this work have the WZ structure. Table 1-1 shows 

some of the physical parameters of WZ III-nitrides and 𝛼-sapphire. (Note: these data are compiled 

from Refs.  [25–28].) 

Table 1-1: Crystal physical parameters of WZ III-nitrides and 𝛼-sapphire. 

 
Crystal 

structure 

Lattice constant 

(Å) 
c/a 

ratio 

Bandgap 

energy 

(eV) 

Bond 

energy 

(eV/bond) 

Bond 

length 

(Å) a c 

InN Hexagonal 3.545 5.703 1.61 0.78 1.93 2.15 

GaN Hexagonal 3.189 5.185 1.63 3.39 2.20 1.94 

AlN Hexagonal 3.112 4.982 1.60 6.04 2.88 1.89 

𝛼-sapphire Trigonal 4.758 12.991 - - - - 

 

The lattice constants and bandgap energy of the III-nitride alloys obey Vegard’s law  [29]. 

For example, the lattice constant ( a
Al
x
Ga

1-x
N

) and bandgap energy ( E
g
(Al

x
Ga

1-x
N )) of the AlGaN 

alloy are determined by Equations (1.1) and (1.2), respectively. 

 a
Al
x
Ga

1-x
N

= (1- x) ×a
GaN

+ x ×a
AlN

  (1.1) 

 E
g
(Al

x
Ga

1-x
N ) = x ×E

g
(AlN )+ (1- x) ×E

g
(GaN ) - b× x ×(1- x)   (1.2) 

where x is the Al content in the AlGaN alloy; ,GaN AlNa a  are the lattice constants of GaN and AlN, 

respectively; ( ), ( )g gE GaN E AlN  are the bandgap energy of GaN and AlN, respectively; and b is 
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the bowing parameter. The value of b varies from 0 eV to 1 eV, corresponding to fully relaxed and 

fully strained AlGaN film, respectively  [30].  

For the WZ III-nitrides, the atoms are arranged in bi-layers on the (0001) basal plane. One 

layer which contains the III-atoms alternates with another layer that contains the N atoms, the 

stacking sequence is A(Ga)A(N)B(Ga)B(N)A(Ga)A(N)B(Ga)B(N). Due to the differences in 

electronegativity of the III-atom and N, the III-N bonds exhibit strong ionicity, resulting in a 

slightly smaller c/a ratio than that of an ideal hexagonal close-packed structure  [31], 8 / 3 . This 

deviation from the ideal is responsible for the spontaneous polarization in WZ III-nitrides along 

the c-axis.  Due to this polarization, two types of orientations are present for WZ III-nitrides along 

the c-axis, as shown in Figure 1-4: the III-polar (+c orientation) and the N-polar (-c orientation), 

which correspond to the (0001)  and planes, respectively. The spontaneous polarization 

field, P , points towards the N-polar surface.  

 

     Figure 1-4: Incomplete unit cell of WZ III-nitride crystal structure. III-polar and N-polar 

orientations are indicated. Spontaneous polarization field P  is points in -c direction ([0001] ). 

Green and grey balls represent III-atom and N, respectively. 

(000 1)
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In addition, III-nitrides contain non-polar and semi-polar planes which correspond to no 

spontaneous polarization and partial spontaneous polarization, respectively. Figure 1-5 shows low-

index crystallographic planes in III-nitrides  [32]. The non-polar planes, such as the a-plane 

(1120)  and m-plane (1100) , are orthogonal to the c-plane (0001), whereas the semi-polar planes 

have a specific inclination angle from the c-plane. The inclination angle between the semi-polar 

planes and the c-plane can be calculated via crystallographic vector algebra  [31], some of which 

are summarized in Table 1-2. This work involves both c-plane and semi-polar planes. The 

inclination angle of a semipolar polar plane from the c-plane is measured by using a scanning 

electron microscope (SEM) to determine the Miller index of the semipolar plane. The surface 

energies of a c-plane, non-polar planes, and semi-polar planes differ, which affects the facet 

stability of the different planes. (This phenomenon is discussed in Chapter 2.)  
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Figure 1-5: Schematic diagram of some low-index crystallographic planes in III-nitrides: (a) 

polar c-plane, (b) non-polar (1120) plane, (c) semipolar (1122) plane, (d) non-polar (1010)

plane, and (e) semi-polar (10 11) plane. 

 

 

 

 



   

10 

 

Table 1-2: Inclination angles of some semipolar planes from a c-plane. 

 Plane Angle 

(112 )n type 

(1121)  72.9° 

(2243)  65.3° 

(1122)  58.5° 

(1123)  47.4° 

(110 )n type 

(1 101)  62.0° 

(2203)  51.4° 

(1102)  43.3° 

(1103)  32.1° 

 

 

1.3. Growth of III-Nitrides 

1.3.1. Epitaxy of thin films 

Crystal growth in an epitaxial process on a bulk substrate is called epitaxy. The epitaxial 

layer inherits the features of the substrate materials, such as the crystal structure, texture, and lattice 

constant. Based on the combination of the epitaxial film and bulk substrate, epitaxy can be 

categorized into two types: homoepitaxy and heteroepitaxy.  

Homoepitaxy refers to when the material of the epitaxial film is identical to that of the bulk 

substrate, such as AlN thin film growth on an AlN bulk substrate  [33]. Because the lattice 

constants and thermal expansion coefficients between the thin film and bulk substrate are identical, 

no strain is present between the epitaxial film and bulk substrate, as shown in Figure 1-6 (a).  

In contrast, heteroepitaxy refers to when the thin film is grown on a foreign substrate. 

Because the lattice constants of the epitaxial layer and bulk substrate are different, lattice misfit 

strain is present at the interface. If the misfit is not too large (typically less than 1%), the epitaxial 
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layer can adopt the lattice constant of the bulk substrate without introducing structural defects. 

This phenomenon is referred to as pseudomorphic growth, where the epitaxial layer is coherently 

strained. Figure 1-6 (b) shows that the pseudomorphic growth with the unstrained lattice constant 

of the epitaxial layer, 
fa , is less than the unstrained lattice constant of the substrate, sa . Because 

the epitaxial layer adopts the lattice constant of the bulk substrate, the epitaxial layer is laterally 

elongated. According to Poisson’s effect, this epitaxial layer consequently compresses in the 

vertical direction to maintain its bulk density. Once the thickness of a strained layer exceeds the 

‘critical thickness’, MDs will be generated, as shown in Figure 1-6 (c). Details of generation of 

MDs of III-Nitrides are discussed in Chapter 4. 

 

Figure 1-6: Schematic diagram of epitaxial growth: (a) homoepitaxy with no lattice misfit 

between the epitaxial layer and the substrate; (b) heteroepitaxy with small lattice misfit between 

the epitaxial layer and the substrate, where the epitaxial layer has the same lattice constant as the 

substrate (pseudomorphic growth); and (c) heteroepitaxy with large lattice misfit between the 

epitaxial layer and the substrate, the epitaxial layer is relaxed by introducing MDs at the interface 

of the epitaxial layer and substrate.  
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1.3.2. Wafer orientation 

Commercially available substrates for III-nitrides epitaxy include, but are not limited to, 

𝛼-sapphire, native GaN, and native AlN substrates. Information regarding the orientation of the 

crystallographic axes is indicated by the wafer flat. Figure 1-7 (a), (b), and (c) present schematic 

diagrams of c-axis oriented 𝛼-sapphire, GaN film grown on a c-axis oriented 𝛼-sapphire, and c-

axis oriented native GaN substrate, respectively. For the 𝛼-sapphire wafer, the wafer flat is a-plane 

{1120} . For the native GaN substrate, the wafer flat is m-plane {1100} . For the GaN film grown 

on the c-axis oriented 𝛼-sapphire, a 30° rotation  [34,35] occurs between c-planes of the GaN film 

and sapphire substrate to minimize misfit strain energy. Therefore, the epitaxial relationship of 

GaN on sapphire is   

(0001) || (0001)Nitride Sapphire
  and [1120] || [1100]Nitride Sapphire

  

As a result, the wafer flat of GaN thin film grown on the c-axis oriented 𝛼-sapphire is m-

plane {1100} , as shown in Figure 1-7 (b). Figure 1-8 demonstrates the epitaxial relationship of GaN 

on the c-axis oriented 𝛼-sapphire.  

 

Figure 1-7: Schematic diagrams of (a) c-axis oriented 𝛼-sapphire, (b) GaN film on c-axis 

oriented 𝛼-sapphire, and (c) c-axis oriented native GaN substrate. 
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Figure 1-8: Schematic representation of in-plane atomic arrangement in the case of (0001) III-

nitrides film grown on (0001) sapphire  [34]. 

Similar epitaxial relationships between III-nitrides and sapphire also exist for other planes 

and axes. For example, (1122) || (1100)Nitride Sapphire
and [1123] || [0001]Nitride Sapphire . Therefore, a 

semi-polar plane (1122) of III-nitrides can be achieved via growth on an m-plane (1100) of 

sapphire  [36].  

 

1.3.3. Metalorganic chemical vapor deposition (MOCVD) 

1.3.3.1. Introduction to MOCVD 

In this work, the GaN and AlGaN films are grown via metalorganic chemical vapor 

deposition (MOCVD). This technique enables the growth of film with low impurity levels while 

maintaining high growth rate for the device structure. Therefore, MOCVD is a major growth 

method for mass production of III-nitride optoelectronic devices. 

The MOCVD reactor used in this work is a vertical, cold-wall, radio frequency (RF) -

heated, low-pressure reactor  [11,37,38]. In this reactor, trimethylaluminum (TMA: (CH3)3Al), 

triethylgallium (TEG: (C2H5)3Ga), and ammonia (NH3) are used as the Al, Ga, and N precursors, 
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respectively. Figure 1-9 (a) and (b) show a schematic diagram of the cross-section of the MOCVD 

reactor and an actual image of the reactor during growth, respectively. As shown in Figure 1-9 (a), 

carrier gas nitrogen (N2) is utilized to bring metalorganic (MO) precursors, TMA and TEG, from 

the bubblers to the reactor, and diluent gas hydrogen (H2) or N2 is used to deliver precursors onto 

a substrate more efficiently. The flow rates of gaseous species are precisely controlled by mass 

flow controllers (MFCs). A silicon carbide (SiC) -coated graphite susceptor is heated by RF 

induction to provide the required temperature for growth on the substrate. During heating, the 

substrate temperature is monitored by a pyrometer located above the substrate.    

 

Figure 1-9: (a) Schematic diagram of the MOCVD reactor used for III-nitrides growth  [39] in 

this study and (b) an actual image of the MOCVD reactor during growth.  

To flow the MO into the reactor, N2 carrier gas flows into the bubbler which contains the 

liquid MO source; therefore, the MO vapor flows with the carrier gas into the reactor. To calculate 

the flow rate of the MO, MOf  , Equation (1.3) is used.  
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MO

MO carrier

bubbler MO

P
f f

P P
=

−
  (1.3) 

where MOP , bubblerP , and
carrierf are the equilibrium vapor pressure of the MO, the bubbler pressure 

of the bubbler that contains the MO source, and the carrier gas flow rate, respectively. 

Thus, the flow rate of the MO depends on the equilibrium vapor pressure of the MO, 

bubbler pressure, and the flow rate of the carrier gas. The equilibrium vapor pressure of the MO, 

MOP , is estimated using empirical Equation (1.4)  [40]. 

 
[ ]10 [ ]

B
A

T K

MOP Torr
−

=   (1.4) 

where A, B, and T are constants and the temperature of the bubbler that contains the MO, 

respectively.  

Because the equilibrium vapor pressure MOP is much smaller than the bubbler pressure 

bubblerP , the MOP in the denominator of Equation (1.3) can be neglected. 

Table 1-3 provides a summary of the parameters used in this work to calculate the flow 

rates of the MOs. Note that the bubbler pressure bubblerP  and temperature of the bubbler T can be 

adjusted by changing the bubbler bath settings.  

Table 1-3: Parameters used in this work to calculate flow rates of MO. 

MO A B T (K) bubblerP (Torr) MOP (Torr) 

TEG 8.08 2162 290 400 4.215 

TMA 8.22 2134 289 600 6.854 
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1.3.3.2. Thermodynamics 

For the growth of III-nitrides, the MOs and NH3 arrive at the substrate surface by diffusion 

through the boundary layer. The thermolysis of TEG and TMA is highly spontaneous because the 

thermolysis temperature (300°C  [41]) is lower than the growth temperature (> 900°C). Therefore, 

the initial state of the Ga and Al precursors in the gas phase can be represented as the monoatomic 

gas (Ga or Al). The simplified chemical reactions assumed to occur at the growing surface to form 

the III-nitrides can be expressed as Equations (1.5) and (1.6).  

   (1.5) 

   (1.6) 

The driving force for the deposition of III-nitrides via MOCVD is given by the magnitude 

of the deviation from the thermodynamic equilibrium and can be expressed as Equation (1.7). 

 
III III

in eq

III

eq

P P

P


−
=   (1.7) 

where III

inP  , III

eqP  are the input vapor pressure and the equilibrium vapor pressure of III atoms at the 

growing surface, respectively;  is the vapor supersaturation of III-atoms, and 0   is required 

for deposition to happen whereas dissociation occurs under 0  ; 0 = means that the system is 

in equilibrium between deposition and dissociation.  

The value of   can be controlled by adjusting the different growth parameters and 

estimated quantitatively by calculating the equilibrium vapor pressure based on 

thermodynamics  [38,42]. Specifically, III

inP can be affected by the total pressure of the reactor, the 

total flow rate of all the input gas species, and the flow rate of the MOs. III

eqP is dependent on the 

equilibrium state of the aforementioned chemical reactions and can be affected by the temperature, 
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cracking efficiency of the NH3, and the partial pressure of all the gaseous species. Moreover,  is 

a single universal parameter that determines the growth mode, surface morphology, growth rate 

and defect incorporation of the thin film  [43,44].  

1.3.3.3. Chemical potential 

In thermodynamics, chemical potential of a species (  ) is energy that is absorbed or 

released due to a change of the particle number of the given species, for example, in a chemical 

reaction or phase transition.  

At equilibrium, the chemical potentials of III and N atoms (i.e., 
III and N ) are related by 

Equation (1.8). 

 
III N IIIN  + =   (1.8) 

where IIIN  is the total energy of a two-atom unit of bulk GaN. Therefore, a single parameter 
III  

can be used to describe the stoichiometry (Ga-rich vs N-rich condition).  

The total energy of GaN can also be expressed as Equation (1.9).  

 
2[ ] [ ]IIIN III bulk N N fH  = + +    (1.9) 

where 
[ ]III bulk , 

2[ ]N N , and 
fH  are the chemical potential of metal Ga, chemical potential of 

nitrogen bound in an N2, and the enthalpy of formation, respectively. (Note:
fH is -1.24 eV and -

2.90 eV for GaN and AlN, respectively  [45,46].) As such, the 
III  varies over a range 

corresponding to the magnitude of the enthalpy of formation of IIIN, as shown in Equations (1.10) 

and (1.11).  

 
[ ] [ ]1.24Ga bulk Ga Ga bulkeV  −     (1.10) 

 
[ ] [ ]2.90Al bulk Al Al bulkeV  −     (1.11) 
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The value of chemical potential determines the formation energy of point defects and 

surface reconstruction, etc.,  [43,46]. For example, Equations (1.12) and (1.13) demonstrate the 

calculations of the surface energy of a facet with surface reconstruction in GaN  [45]. 

  

 
( ) ( ) ( ) ( )

( )

1
( , ) { ( ) }hkil hkil hkil GaN hkil

Ga H tot ideal Ga N Ga N bulk H H ideal

hkil

E E n n n E n
A

     = − −  − − − +   (1.12) 

 ( ) ( , ) ( )hkil

Ga H Ga N Gan n    −  −   (1.13) 

where Gan and Nn are the number of Ga and N atoms added/removed to form the reconstructed 

surface. Equation (1.13) shows that the surface energy of a facet with surface reconstruction 

depends on the type of surface reconstruction (which affects Gan and Nn ) and the value of Ga 

chemical potential.  

The chemical potential can be affected by growth condition. Through the growth 

thermodynamic models  [38,43,47,48], the chemical potential of III atoms can be related to the 

vapor supersaturation of III atoms by Equation (1.14). 

 

( ) ( ) ( )

log(1 ) ( )

III III III
eq eq in

III III III III

V in V

III

in

III

V

P P P
kT kT kT

P P P

P
kT kT

P





= = +

= − + +

  (1.14) 

where III

inP , III

VP , III

eqP , and
III  are the input partial pressure of III atom precursor, the vapor pressure 

of the III metal in equilibrium at a given temperature, the equilibrium partial pressure of III atom 

at the growing surface, and the chemical potential of III atom at the growing surface, respectively.  

1.3.3.4. Surface reconstruction 

For semiconductors with covalent bonds (which are directional), the equilibrium 

conditions for surface atoms are different to those of bulk atoms due to the absence of neighboring 
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atoms on one side for surface atoms. As a result, the atomic structure of the surface does not 

coincide with that of the bulk. Atoms on the semiconductor surface tend to saturate at least some 

of the unsaturated bonds to minimize the possible density of dangling bonds (which represent an 

unfavorable energy state of the surface), therefore, surface reconstruction occurs. By contrast, 

metals have metallic bonds (which are nondirectional), as a result, metal surfaces do not need to 

reconstruct  [49]. 

Figure 1-10 shows examples of several type of energetically-favorable surface 

reconstructions for GaN (0001) surface in the presence of hydrogen with labeled notations  [50]. 

In the Nad-H+Ga-H structure, a N-H bond is formed on top of a N adatom that sits in a hollow site 

of three Ga atoms, and a Ga-H bond is formed on the fourth Ga atoms. In NH3+3Ga-H structure, 

three H atoms are bonded to three Ga atoms, and one NH3 unit sits on top of the fourth Ga atom.  

 

Figure 1-10: Schematic top view of 2 2 reconstructions for GaN (0001) surface. Large white 

circles, small white circles, and black circles represent Ga, H, and N atoms, respectively  [50].  
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The type of reconstruction for a specific plane depends on the chemical potential, surface 

plane, and the considered material. The favorable surface reconstruction of a specific plane leads 

to the lowest surface energy of the plane. Because surface energies of planes are difficult to 

measure,  they are normally estimated via density functional theory (DFT) considering a wedge 

and slab configurations  [45,51,52]. Surface energies estimated via DFT for different planes of 

GaN as a function of Ga chemical potential are discussed in Chapter 2.  

1.3.3.5. Surface kinetics 

In addition to thermodynamics, surface kinetics is worth understanding with regard to 

MOCVD growth. Generally, the growth of III-nitrides is conducted on a substrate surface that is 

slightly misoriented from the c-plane, called the ‘vicinal plane’. The vicinal plane can provide 

high-density atomic steps that can act as sinks for adatoms which migrate on the surface. Bryan et 

al. showed three main growth modes, island growth, step flow, and step bunching, during AlN 

growth on native AlN substrate  [44]. They reported that the growth modes could be controlled by 

the misorientation angle of a substrate and the magnitude of supersaturation.  

In terms of supersaturation, during growth, if the supersaturation is higher than the energy 

barrier for nucleation, island growth happens. As the supersaturation decreases, adatoms migrate 

on the surface and incorporate at the atomics steps, growth proceeds via step motion. If the surface 

diffusion length of the adatoms is shorter or comparable to the terrace width of the atomic steps, 

the adatoms are either incorporated at the edges of the steps or desorbed from the surface before 

reaching the step edges. In this case, growth proceeds with layer-by-layer morphology, which is 

referred to as the step flow growth mode. An atomically smooth surface can be achieved via step 

flow growth mode and, therefore, this growth mode is desirable for device fabrication. At an even 

lower supersaturation, if the surface diffusion length of the adatoms is longer than the terrace width 
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of the atomic steps, then the step bunching growth mode occurs. This growth mode involves two 

types of steps: macrosteps and bilayer steps. A macrostep is composed of several bilayer steps. 

Therefore, its height is determined by the number of bilayer steps it contains whereby the height 

of a bilayer step is a physical property of the material (e.g., the bilayer step height of AlN is 2.5 

Å  [44]). Because macrosteps are present in the step bunching, the surface of an epitaxial film 

grown via this growth mode is rough. In addition, Bryan et al.  [53] also observed compositional 

inhomogeneity in AlGaN films grown via step bunching. Specifically, a higher Ga content has 

been confirmed at bunched steps compared to that in bilayer steps. Similar compositional 

inhomogeneity was found in this work and is discussed in detail in Chapter 3.   

In addition, dislocations with screw components can provide atomic steps. These steps are 

pinned at the screw dislocations, creating growth spirals on the surface during epitaxy. For 

example, when GaN is grown on the vicinal c-plane of sapphire, GaN growth is dominated by the 

spiral growth mode  [38].   

 

1.4. Dislocations in III-nitrides 

Normally, when III-nitrides are grown on a foreign substrate such as sapphire via MOCVD, 

they are started with three-dimensional (3D) islands formed in the low-temperature AlN nucleation 

layer to accommodate the large lattice misfit, followed by coalescence of the 3D islands in 

subsequent high-temperature growth. Threading dislocations (TDs) are generated via the 

coalescence of these 3D islands  [54]. In c-plane III-nitrides, TDs are the most commonly observed 

line defects, and their density is usually up to 109 to 1010 cm-2 under ordinary growth conditions. 

TDs can propagate to the surface of film, during the propagation, some TDs with opposite Burgers 

vector will annihilate with each other when they are sufficiently close.  
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In general, TDs in c-plane III-nitrides can be divided into three types, edge, screw, and 

mixed dislocations. They are schematically shown in Figure 1-11. Edge-type TDs, sometimes 

called a-type TDs, are formed by introducing or subtracting an extra half plane in the crystal 

structure, with a Burgers vector 1 3 1120b =   . For an edge-type TD, the dislocation line is 

perpendicular to the Burgers vector. Screw-type TDs, sometimes known as c-type TDs, are formed 

by slipping a half crystal across another by a lattice vector, the Burgers vector is [0001]b = . For 

a screw-type TD, the dislocation line is parallel to the Burgers vector. The mixed-type of TDs, also 

known as a c+ type TDs, is a combination of the pure edge-type and screw-type dislocations, with 

Burgers vector 1 3 1123b =   . 

 

Figure 1-11: Schematic diagrams of: (a) edge-type, (b) screw-type, and (c) mixed-type threading 

dislocations in c-plane III-nitrides. Dislocation lines and Burgers vector are indicated  [26]. 

In addition to TDs, another type of line defect in III-nitrides is the MD, schematically 

shown in Figure 1-12. MDs are generated at the interface of two layers to relieve strain. Unlike 

TDs, MDs in III-nitride film are normally confined at the heterointerface and do not propagate 

towards the surface of epilayers. MDs either have two threading arms or form a closed loop 

because a dislocation line can neither begin nor end within the crystalline solid  [55]. 
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Figure 1-12: Schematic diagram of MD at heterointerface to relieve strain. 

1.5. Strain in the epitaxial layer 

Strain of epitaxial layer includes lattice misfit strain and thermal misfit strain, which are 

additive during epitaxy. 

1.5.1. Lattice misfit strain 

For a pseudomorphic growth, an epitaxial layer adopts the lattice constant of the substrate; 

therefore, lattice misfit strain is present in the epitaxial layer  [49]. The lattice misfit strain, ε, is 

defined in Equation (1.15).  

 
s f

f

a a

a


−
=    (1.15) 

where sa  is the lattice constant of the substrate and 
fa is the unstrained lattice constant of the 

epitaxial thin film.  

As an example, when AlGaN is grown on the c-plane GaN, the AlGaN is tensely strained 

due to its smaller lattice constant compared to that of GaN. Figure 1-13 presents the calculated 

relationship between the lattice misfit strain of AlxGa1-xN (x is Al mole fraction) on GaN and Al 

mole fraction. The lattice constant of AlGaN is calculated by Vegard’s law. 
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Figure 1-13: Lattice misfit strain for AlGaN grown on (0001) plane oriented GaN.    

1.5.2. Thermal misfit strain 

Thermal misfit strain, T , arises from the difference in the thermal expansion coefficients 

(TECs) of the epitaxial layer and the bulk substrate  [56]. In the process of heating/cooling, both 

the substrate and film expand/contract at a different rate, thus causing thermal misfit strain, which 

is defined in Equation (1.16).  

 ( )T s f T  = −    (1.16) 

where T  is the change in temperature and is negative during cooling and positive during heating; 

s  and 
f are the TECs of the substrate and film, respectively. If the TEC of the film (

f ) is 

greater than that of the substrate ( s ), the film is tensely strained after cooling; and if 
f  < s , 

the film is compressively strained after cooling. Post-growth cooling generates additional stress 

between the epitaxial film and the substrate. In order to obtain high-quality epitaxy, the substrate 

should have a similar TEC to that of the epitaxial film.  
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1.6. Epitaxial lateral overgrowth (ELO) 

TDs are detrimental to device performance because they act as non-radiative recombination 

centers, carrier scattering centers, leakage paths, and compensating defects  [4,57–59]. Therefore, 

III-nitrides films with low TDD are desired to achieve good device performance. ELO is a 

technique that can be employed to reduce the TDD in epitaxial film grown on a foreign substrate. 

ELO has been widely used in GaN growth to achieve high-quality GaN templates on sapphire or 

SiC substrates  [60–63]. For example, it is reported that ELO GaN template reduced TDD to 106 

cm-2  [60], which is three orders of magnitude less than that in GaN grown on sapphire substrate 

via an ordinary growth technique and increased the lifetime of a laser diode to 10,000 h  [64].  

The two main ELO technologies are one-step growth ELO and two-step growth ELO  [63]. 

Figure 1-14 (a) - (c) and (d) - (f) present schematic diagrams of one-step growth ELO and two-

step growth ELO, respectively. As shown in Figure 1-14 (a) and (d), for both ELO techniques, the 

first step is to deposit an amorphous SiO2 mask on a GaN/sapphire template (which normally 

possess TDD around 109 cm-2). The purpose of the SiO2 is to prevent the deposition of GaN on the 

mask region because the supersaturation of Ga is not high enough for deposition to occur on the 

SiO2 mask. Therefore, when GaN is grown on a SiO2 patterned substrate, ELO GaN islands start 

from the window region and then grow laterally, which is the underlying principle of ELO. In 

contrast, Al has extremely high vapor supersaturation, around nine orders of magnitude higher 

than that of Ga  [42]. Therefore, AlN or AlGaN can nucleate on the amorphous SiO2 mask and 

form polycrystalline  [65], which deteriorates the quality of epitaxial film. In order to avoid the 

nucleation of AlN or AlGaN on the mask, ELO AlN and AlGaN were conducted on the maskless 

substrate (using a trench pattern)  [66,67].  
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As shown in Figure 1-14 (b) and (c), for the one-step growth ELO, the ELO GaN starts 

from the window region of the SiO2 patterned GaN template to form ELO islands with rectangular 

shapes, which grow laterally and finally coalesce. The formation and coalescence of the ELO 

islands take place via one-step growth using the same growth condition. After this one-step growth 

ELO, some of the TDs that are underneath the SiO2 masks cannot thread up; therefore, the TDD 

of the ELO GaN is reduced. 

As shown in Figure 1-14 (e) and (f), for the two-step growth ELO, by using an appropriate 

growth condition which favors vertical growth, ELO GaN islands with inclined facets are achieved. 

During this step, some of the TDs that are underneath the SiO2 masks cannot thread up; therefore, 

the TDD of the inclined-facet GaN is reduced. The TDs in the window region bend towards the 

growth front (i.e., inclined facets) to reduce the total energy of the dislocations  [68–71]. Next, by 

changing to another growth condition that favors lateral growth, the subsequent GaN growth on 

the inclined-facet GaN gradually coalesces and planarizes. (Note that during the two-step growth 

ELO, if this change to another growth condition that favors lateral growth is not made during the 

second step, then the ELO GaN islands with triangular shapes will maintain their triangular shape 

as growth continues and will not coalesce or planarize.) During this step, the TDs converge to the 

coalescence boundaries as the ELO GaN islands coalesce, and some annihilate with each other if 

they have opposite Burgers vectors and are in close proximity, thereby further reducing the TDD. 

Because the formation and coalescence of ELO GaN islands are achieved via a two-step growth 

using different growth conditions, this process is referred to as two-step growth ELO or facet-

controlled ELO (FACELO)  [63].  
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Figure 1-14: (a) through (c) describe the one-step growth ELO: (a) SiO2 patterned GaN template, 

(b) ELO GaN with rectangular islands, and (c) coalesced ELO GaN under the same growth 

condition as in (b). (d) through (f) describe the two-step growth ELO: (d) SiO2 patterned GaN 

template, (e) ELO GaN with triangular islands. (f) coalesced ELO GaN under different growth 

condition from that in (e). Green and blue regions represent sapphire substrate and GaN. 

1.7.  FACELO AlGaN for development of UVA LD 

FACELO is proposed to achieve thick, high-quality, and crack-free Ga-rich AlGaN layers 

to serve as the substrates for UVA LD growths. This technique was previously used to achieve 

low TDD (~106 cm-2) GaN templates  [60] via dislocation blocking and bending effects, as 

discussed in Section 1.6. Unlike previous ELO research, the main purpose of FACELO in this 

work is to relieve tensile strain by generating MDs at AlGaN/GaN interface. Specifically, 

FACELO AlGaN is conducted by growing AlGaN on the inclined-facet GaN (i.e., (1122)

semipolar facets achieved via ELO). Because the primary slip system1 3 1120 (0001)  is active 
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for growth on the (1122)  semipolar facet  [19,72], the hypothesis is that MDs can be generated at 

the interface of AlGaN and GaN to relieve strain, thereby avoiding cracking problems. (Details 

about slip systems and the generation of MDs are discussed in Chapter 4.) By using appropriate 

growth condition, FACELO AlGaN film can be coalesced and planarized, after which AlGaN 

growth is on the c-plane. Therefore, subsequent LD structures grown on the c-plane of FACELO 

AlGaN should be able to avoid the unwanted problems associated with (1122) semipolar growth. 

As a result, by employing FACELO, high-quality, thick, and crack-free AlGaN with a coalesced 

c-plane can be achieved. 

Figure 1-15 presents a roadmap for this research. Based on this roadmap, the work in this 

dissertation can be divided into three main parts. The first part investigates the ELO of GaN on 

SiO2 patterned GaN/sapphire templates and establishes a relationship between the shape of the 

ELO GaN island and growth parameter. This first part also investigates the mechanism of the facet 

formation and then achieves ELO GaN islands with triangular cross-sections (i.e., an inclined-

facet GaN). In the second part, AlGaN is grown on the inclined-facet GaN (achieved in the first 

part) to generate MDs that would relieve the tensile strain in the AlGaN layer. In this second part, 

the growth conditions for the AlGaN are developed and optimized in order to coalesce and 

planarize the AlGaN film. The goal for this part is to achieve a thick, crack-free, and coalesced 

AlGaN layer with a clean surface. Once achieved optimized growth conditions, FACELO AlGaN 

is conducted on the patterned native GaN substrate (with extremely low TDD around 103 cm-2) to 

achieve the coalesced AlGaN to determine whether lowering the pre-existing TDD in the patterned 

substrate can lead to lower TDD in the FACELO AlGaN. The third part investigates the 

mechanism of strain relaxation in a coalesced AlGaN on an inclined-facet GaN. 
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Figure 1-15: Roadmap of achieving crack-free AlGaN via FACELO: (a) patterned GaN template 

with SiO2 masks, (b) ELO GaN with inclined (1122) facets, and (c) coalesced and planarized 

AlGaN via FACELO on inclined-facet GaN. 

 FACELO AlGaN on inclined-facet GaN has been employed by several groups to develop 

UVA LDs. In 2015, Hamamatsu Photonics in Japan reported electrically-pumped UVA LD with 

emission wavelength of 350 nm by growing LD structure on AlGaN template that was grown on 

inclined-faceted GaN on stripe-patterned native GaN substrate. In the same year, Sandia National 

Laboratories reported electrically-pumped UVA LD with emission wavelength of 353 nm by 

growing LD structure on AlGaN template that was grown on trench-patterned GaN/sapphire 

template. Table 1-4 summarizes these groups as well as their main contribution. Although the 

achievements of electrically-pumped and optically-pumped LDs based on FACELO were reported, 

to the best of my knowledge, follow-up publications or reports were absent. It indicates that these 

achievements were non-reproducible, which may be due to the undiscovered material science in 

this technique. In order to achieve reproducible UVA LD based on FACELO, material science of 

this technique should be thoroughly investigated. Therefore, the importance of this work is that it 

investigated the mechanism underlies facet formation of ELO GaN, coalescence of FACELO 

AlGaN on facetted GaN, and mechanism of strain relaxation in FACELO AlGaN. With these being 
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discovered, a high-quality, thick, low TDD, and crack-free AlGaN on (0001) GaN can be achieved 

and serves as the template for AlGaN-based optoelectronics with reproducible performance. 

Table 1-4: Development of UVA LD based on FACELO AlGaN by various research groups. 

Institution (Country) Author, latest publication Main contribution 

Hamamatsu Photonics 

(Japan) 
Aoki et al., 2015 [73] 

Electrically-pumped UVA 

LD (350 nm) on native GaN 

Sandia National 

Laboratories 

(U.S.A.) 

Crawford et al., 2015 [10] 

Electrically-pumped UVA 

LD (353 nm) on 

GaN/sapphire 

Electronics and 

Telecommunications 

Research Institute 

(Korea) 

Ko et al., 2016 [74] 
Optically-pumped UVA LD 

(355 nm) on GaN/sapphire 

 

1.8. Characterization Techniques  

In this study, scanning electron microscopy (SEM), atomic force microscopy (AFM) and 

energy-dispersive X-ray spectroscopy (EDS) are extensively utilized to investigate the crystal 

quality and thereby are introduced. 

1.8.1. SEM 

The SEM is a type of microscopy that produces images of a sample by scanning the surface 

with a focused beam of high-energy electrons. The field-emission SEM used in this work is from 

the FEI company and has an ultra-high-resolution around 0.6 nm when the accelerating voltage is 

2 kV-30 kV. Figure 1-16 (a) presents a schematic illustration of the SEM. Accelerated electrons 

pass through the condenser lens and the objective lens and then focus on one spot of the specimen 

to generate the necessary signals that are collected by different detectors to measure the intensity. 
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The intensity of the signal depends on the number of electrons that reach the detector. With the 

help of a scanning coil, the electron beam can scan the sample using a raster pattern. Finally, the 

intensities of all the scanned spots are integrated to produce images.  

Figure 1-16 (b) shows that when the electron beam is incident on the sample, different 

signals such as secondary electrons, backscattered electrons, characteristic X-rays, etc., are 

generated and then detected by different types of detectors to show different information. As 

shown, different kinds of signals have different escape depths and interaction volumes. The escape 

depth is the maximum depth where a specific signal can emit to the outside, whereas the interaction 

volume is a region where specific signal is emitted. The signal with larger escape depth contains 

the interaction volume of the other signals with smaller escape depth. For example, Auger 

electrons have the smallest interaction volume (the blue region in Figure 1-16 (b)) with escape 

length around 1 nm. Secondary electrons have the interaction volume including the blue region 

and red region, with escape depth around 10 nm. In this work, secondary electrons are detected to 

demonstrate the information on the surface of the specimen.  

 

Figure 1-16: (a) Simplified schematic diagram of the SEM  and (b) interaction volumes and 

escape depths of different signals when an incident beam hits a specimen  [75].  
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Secondary electrons are ejected from the conduction or valence bands of the specimen 

atoms by inelastic scattering interactions between the incident beam electrons and the specimen 

atoms. Typically, the secondary electrons possess low energy (< 50 eV); therefore, those secondary 

electrons that are generated in deep regions are absorbed quickly by the specimen. As a result, 

only those secondary electrons that are generated at the top surface of the specimen are able to 

escape outside of a specimen and then detected by the secondary electron detector to produce 

images. The escape depth of the secondary electrons is very shallow, normally around 10 nm. 

Hence, secondary electrons are used to demonstrate the information on the surface of a specimen. 

To detect secondary electrons, an Everhart-Thornley detector is used, which is a type of collector-

scintillator-photomultiplier system, shown in Figure 1-17. The secondary electrons emitted from 

a specimen are first collected by attracting them to a collector with a positive bias at about +400V. 

Next, the secondary electrons are accelerated towards a scintillator with a positive bias at about 

+10 kV. Then, the accelerated secondary electrons have sufficient energy to cause the scintillator 

to generate lights, which are directed to the photomultiplier tube (PMT) through a light guide. The 

light signals are converted to electron signals, which are then amplified to produce the image.  

 

Figure 1-17: Schematic diagram of Everhart-Thornley detector  [75]. 
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Several factors can affect the contrast in the SEM that uses secondary electrons to produce 

images. These factors are topography, edge effect, charge effect and conductivity, and z-contrast. 

Each of these factors is discussed briefly in the following paragraphs.  

Figure 1-18 illustrates the topographical factor where, if the incident beam hits the surface 

of a sample perpendicularly, then the interaction volume is uniform around the axis of the beam, 

and only a few secondary electrons escape from the specimen. As the angle of incidence increases, 

the escape area of the secondary electrons increases, resulting in more secondary electrons being 

emitted from the sample. Therefore, an inclined surface tends to be brighter than a flat surface in 

SEM images, which provides images with a well-defined, 3D appearance. In short, SEM images 

that use secondary electrons as the signal can demonstrate the topography and morphology of the 

sample surface. 

 Similarly, the escape region of the secondary electrons increases at the edge of a specimen. 

Therefore, the edge of a specimen tends to be brighter than the inner regions; this phenomenon is 

called the ‘edge effect’  [75].  

 

Figure 1-18: Secondary electrons emitted from an inclined surface and flat surface  [75]. 
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  As explained earlier, the incident electrons that hit the specimen lose their energy and are 

absorbed in the specimen. If the specimen is conductive, the electrons will flow through the stage; 

however, if a specimen is nonconductive, electrons accumulate at the irradiated point, resulting in 

negative potential at this point. That is, charging occurs. The voltage between the secondary 

electron detector and the specimen spot becomes large and results in more secondary electrons 

entering the detector, which causes the locally charged area to be brighter. On the other hand, if 

one spot (spot A) has higher conductivity than another spot (spot B), the electrons are less likely 

to accumulate at spot A. Therefore, the potential between the detector and spot A is less than that 

between the detector and spot B. As a result, more secondary electrons emitted from spot B will 

be detected, resulting in brighter contrast at spot B. This factor is the charging and conductivity 

factor.   

When the incident beam hits the specimen, backscattered electrons are generated by the 

elastic scattering interactions between the incident beam electrons and specimen atoms and 

therefore contain high energy. Because elements with high atomic numbers (heavy elements) 

backscatter electrons more strongly than elements with low atomic numbers (light elements), 

elements with high atomic numbers are brighter in SEM images that use backscattered electrons 

as the signal. This phenomenon is referred to as the ‘z-contrast’, which demonstrates the 

compositional information of the specimen. This z-contrast also exists in SEM images that use 

secondary electrons as the signal. Some of these backscattered electrons hit the atoms in the 

specimen, which generates secondary electrons. Therefore, elements with high atomic numbers 

tend to generate more secondary electrons than elements with low atomic numbers, thus resulting 

in bright contrast in the image  [75]. However, because only a few secondary electrons are 

generated by the interaction between backscattered electrons and specimen atoms, the z-contrast 
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in SEM images (which use secondary electrons as the signal) is not as obvious as in SEM images 

that use backscattered electrons as the signal.   

1.8.2. EDS 

Figure 1-19 shows that, when high-energy incident beam electrons hit a specimen, some 

may penetrate through the outer conduction/valence bands and interact with the inner-shell 

electrons. When more than a critical amount of energy is transferred to an inner-shell electron, that 

electron is ejected, leaving a hole in the inner shell. Then, the electron at the outer shell will fill 

the hole to reduce the energy of the atom. This process is accompanied by the emission of an X-

ray. The energy of the radiated X-ray in this process is unique to the electron configuration in the 

atom; therefore, the process is referred to as ‘characteristic X-ray’. A technique to analyze these 

characteristic X-ray signals is energy-dispersive X-ray spectroscopy (EDS). EDS is a powerful 

technique to identify compositional inhomogeneity  [76] and the presence of a secondary 

phase  [77] as well as quantitatively determine the alloy composition  [78]. In this study, EDS 

mapping is employed to reveal the spatial variation of the composition in the AlGaN film in the 

FACELO. 
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Figure 1-19: Emission of characteristic X-ray  [79]: an inner (K) shell electron is ejected from the 

atom by a high-energy electron, leaving a hole that is filled by an electron from the L shell, 

accompanied by the emission of a characteristic (K𝛼) X-ray.    

1.8.3. AFM 

Atomic force microscopy (AFM) is a high-resolution type of microscopy to reveal the 

surface morphology of a sample by using a physical probe to scan the sample surface. Figure 1-20 

shows that an AFM consists of a cantilever, laser, position detector, and feedback loop [80]. The 

cantilever has a sharp tip at its end that is used to scan the surface. When the tip is close to a sample 

surface, the force between the sample and the tip causes a deflection of the cantilever in accordance 

with Hooke’s law, as shown in Equation (1.17) 

 F k x= −    (1.17) 

where F, k, and x are the force between the sample surface and tip, the stiffness of the cantilever, 

and the deflection of the cantilever, respectively. During a scan, the tip sweeps horizontally across 

the sample surface at a steady rate. The cantilever deflects in response to the force between the tip 

and sample. As a result, the laser spot that is reflected by the cantilever moves away from its 
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original position in the position detector. The feedback loop then moves the tip in the z-direction 

to return the laser spot to its original position in the position detector. The distance of the movement 

of the tip in the z-direction is then recorded to form the images.   

The AFM has three modes to scan the surface: contact mode, tapping mode, and non-

contact mode. Each mode has different tip-sample separations and different dominant van der 

Waals forces, as shown in Figure 1-21  [81]. In contact mode, the tip is kept in contact with the 

surface and dragged across the surface of the sample. The tip mainly experiences repulsive van 

der Waals forces. In tapping mode, the tip keeps close enough to, but not in contact with, the 

surface to make the short-range forces detectable while preventing the tip from sticking to the 

surface. The cantilever is driven to oscillate near its resonance frequency with a certain amplitude. 

When the force between the tip and surface changes as the tip sweeps the surface, the amplitude 

of the cantilever oscillation also changes. The feedback loop then changes the z-height of the 

cantilever to return the amplitude of the cantilever oscillation to its original value. In non-contact 

mode, the tip stays further away from the surface of the sample compared to the tapping mode. It 

also oscillates at near resonance frequency with a certain amplitude. The tip experiences mainly 

attractive van der Waals forces. 
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Figure 1-20: Schematic diagram of atomic force microscope [80]. 

 

Figure 1-21: Plot of force as a function of tip-sample separation  [81]. 



   

39 

 

Chapter 2: Epitaxial lateral overgrowth of GaN 

2.1. Introduction 

As mentioned in Chapter 1, FACELO is proposed to achieve high-quality, thick, and crack-

free Ga-rich AlGaN layers by growing AlGaN on inclined-facet GaN stripes and laterally 

coalescing the surface of AlGaN. Liu et al. already have reported the achievement of thick and 

crack-free AlGaN on inclined-facet GaN via FACELO  [82]. Also, electrically-pumped lasing in 

the UVA range has been demonstrated by growing a LD structure on a FACELO AlGaN 

template  [83,84]. However, the realization of a UVA LD on such a FACELO AlGaN is not 

reproducible because the mechanisms that underlie facet formation and coalescence of ELO are 

not fully understood. Therefore, investigations into these mechanisms are necessary. This chapter 

focuses on investigating the mechanism that underlies the facet formation of GaN that is grown 

via ELO (hereafter it is called ELO GaN).  

Hiramatsu et al.  [60] reported that the cross-sectional shape of an ELO GaN stripe is 

related to reactor pressure and growth temperature. Figure 2-1 presents SEM images of changes in 

the shapes of ELO GaN islands as a function of various growth parameters. For a growth 

temperature that is lower than 925°C (Zone I), the surface appears rough and the cross-sectional 

shape of the ELO GaN island is triangular. As the growth temperature is increased, the surface 

becomes smoother and the shape of the cross-section of the ELO GaN island becomes truncated 

and then rectangular. On the other hand, when the reactor pressure is increased from 40 Torr to 

500 Torr, the cross-sectional shape of the ELO GaN island changes from a rectangle to a truncated 

shape and finally to a triangle.  
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Figure 2-1: SEM images of cross-sectional shapes of ELO GaN islands grown at different reactor 

pressures and growth temperatures. SiO2 stripe direction is in the 1100   direction of GaN. 

The growth time is 30 min  [60].   

Marchand et al.  [85] demonstrated that the cross-sectional shapes of ELO GaN islands are 

different when the islands are grown on patterned GaN templates with different fill factors (which 

are defined as the ratio of the width of the window region and the periodicity of the stripe pattern), 

as shown in Figure 2-2. They claimed that, for ELO GaN on patterned templates with smaller fill 

factors, more Ga adatoms on the masks would migrate to the window region. According to 

Marchand et al.  [85], a higher TEG flow rate favors the formation of inclined{1122}facets.   
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Figure 2-2: SEM images of cross-sectional shapes of ELO GaN islands grown at different fill 

factors (left column 0.05 and right column 0.25) and growth temperatures. SiO2 stripe direction 

is in 1100 direction of GaN. For all samples, the width of the window region and growth time 

are 5 𝜇m and 15 min, respectively. Scale bar is 5 𝜇m. 

Based on the aforementioned experimental results, facet formation in ELO GaN clearly 

can be controlled by multiple growth parameters, such as the growth temperature  [60,85], reactor 

pressure  [60,86], and precursor flow rate  [87–90]. In order to explain the mechanism that 

underlies facet formation in ELO GaN, researchers have proposed several models, such as kinetic 

Wulff construction  [91,92], self-limited growth  [93,94], and the dangling bond model  [85,89]. 

However, none of these models properly explains the mechanism for facet formation in ELO GaN.  

In this work, a possible mechanism to explain facet formation in ELO GaN is considered 

that is based on crystal growth concepts, including chemical potential and vapor supersaturation. 

In general, vapor supersaturation describes the driving force for crystal growth and determines 
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possible growth modes, such as step-flow and 2D nucleation  [44], whereas chemical potential 

determines the formation energy of the point defects and surface reconstruction of different 

facets  [43,46]. Using the growth thermodynamic model  [38,43,47,48], chemical potential can be 

related to the growth parameter, vapor supersaturation. In this work, the role of supersaturation 

and chemical potential in controlling facet formation by influencing the surface energy (which 

depends on the specific surface reconstruction of the facets) of various facets, and hence the shape 

of the ELO GaN island, is demonstrated. This study establishes a general relationship between 

supersaturation and the cross-sectional shape of the ELO GaN island, thereby providing guidance 

for controlling the shape and coalescing the faceted structure in future ELO or selective area 

growth.  

 

2.2. Experimental procedure 

In this study, prior to the ELO process, patterned GaN/sapphire templates and patterned 

native GaN substrates (with striped patterns of SiO2 masks) were fabricated for subsequent growth. 

In general, ELO of GaN on patterned GaN/sapphire template and patterned native GaN substrate 

should be the same. Therefore, most of ELO of GaN in this part were conducted on patterned 

GaN/sapphire template due to the low cost of sapphire. After developing optimal growth condition 

to achieve inclined-facet ELO GaN, this optimal growth condition was then transferred to 

patterned native GaN substrate. Figure 2-3 schematically outlines the procedure for fabricating the 

patterned GaN/sapphire templates. First, a 1.3-μm thick GaN film is grown on a (0001) sapphire 

substrate at 1050°C in a RF-heated, vertical, cold-walled MOCVD reactor  [38], followed by the 

deposition of a 60-nm thick SiO2 layer via plasma-enhanced chemical vapor deposition (PECVD) 

to create a dielectric mask. Next, a photoresist is spin-coated onto the SiO2 mask, followed by 
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lithography to make striped patterns in the 1100   and 1120   directions of the GaN (i.e., 

1 100 GaN   and 1120 GaN  ) in the photoresist layer. Finally, reactive-ion etching (RIE) and 

photoresist lift-off are conducted to achieve striped patterns in the SiO2 mask layer, leaving the 2-

μm wide window regions alternating with the 2-μm wide mask regions (which is referred as (2/2) 

μm pattern) or (5/5) μm pattern. The fill factor is 0.5 for all templates used in this work. The 

Appendix provides details regarding the process used to achieve the patterned templates.  

 

Figure 2-3: Schematic diagram of fabrication process for patterned GaN template: (a) GaN 

template on (0001) plane sapphire, (b) deposition of around 60 nm SiO2 on GaN template via 

PECVD, (c) photoresist via spin-coating, (d) achieving desired pattern in photoresist layer via 

lithography, and (e) achieving desired pattern in SiO2 layer via RIE and lift-off. The black layer 

and orange layer represent the SiO2 mask and photoresist layer, respectively.  

Figure 2-4 (a) presents the AFM height scan of the patterned GaN template with a (2/2) 

𝜇m pattern. Figure 2-4 (b) shows the height profile along the red line in Figure 2-4 (a); the 

thickness of the SiO2 mask is around 60 nm. 
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Figure 2-4: (a) AFM height scan of patterned GaN/sapphire template and (b) height profile along 

the red line in AFM height scan.    

The ELO of GaN was then performed on the patterned GaN/sapphire templates. TEG and 

NH3 were used as sources of the Ga and N, respectively, with H2 as the diluent gas. Figure 2-5 

presents the temperatures of the wafer that were measured using a pyrometer as the ELO was 

continued. As shown, in step (a), the ELO experiment begins with the nitridation of the patterned 

GaN/sapphire templates for 3 min in a mixture of N2 (2 slm) and NH3 (3 slm) at 950°C. Then, in 

step (b), ELO is conducted as a function of supersaturation by growing at different temperatures 

ranging between 900°C and 1050°C and at different NH3 flow rates varying from 0.3 slm to 6 slm. 

Other growth parameters, i.e., the total pressure of the reactor, total flow rate, and TEG flow rate, 

are kept constant at 80 Torr, 7.5 slm, and 132 μmol/min, respectively. Finally, step (c) is the 

cooling process that uses N2 (2 slm) and NH3 (3 slm). Table 2-1 provides a summary of the 

different growth conditions that were utilized in step (b) to investigate the facet formation. A 

Verios 460L Field Emission SEM was used to investigate the cross-section and surface of the ELO 

GaN islands with an accelerating voltage of 10 kV.  
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Figure 2-5: Temperature profile for ELO GaN on SiO2 patterned GaN template: (a) nitridation 

for 3 min, (b) ELO GaN, and (c) cooling.  

Table 2-1: Growth conditions for ELO GaN. 

Parameter Value 

Temperature 900°C - 1050°C 

Total pressure 80 Torr 

Total flow rate 7.5 slm 

Diluent gas H2 

TEG flow rate 132 μmol/min 

Growth time 
30 min for (2/2) μm pattern  

100 min for (5/5) μm pattern 

NH3 flow rate 0.3-6 slm 
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2.3. Stripe direction 

First, ELO of GaN was investigated on GaN/sapphire templates with the (5/5) μm pattern 

for both the 1 100 GaN  and 1120 GaN  stripe directions. The growth conditions were the same 

for both samples; the temperature and NH3 flow rate were 1000°C and 6 slm, respectively. Table 

2-1 presents the other growth parameters. Figure 2-6 shows the shapes of the ELO GaN islands in 

the 1 100 GaN  and 1120 GaN  directions. As shown, under the same growth conditions, the 

shape of the ELO GaN islands in the 1120 GaN  direction is a triangle composed of {1101} facets, 

whereas the shape of the ELO GaN islands in the 1 100 GaN  direction is a trapezoid composed 

of {1122}  and (0001) facets. The angles between the inclined facet and the basal plane were 

measured to be 62.9° and 58.7° for the ELO GaN islands in the 1120 GaN  and 1 100 GaN 

directions, respectively. Therefore, according to the results presented in Table 1-2 in Chapter 1, 

the inclined facets were determined to belong to the {1101} and {1122} families of planes, 

respectively. 
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Figure 2-6: SEM images of ELO GaN on (5/5) 𝜇m patterned GaN/sapphire templates: (a) bird’s-

eye view SEM image of ELO GaN with stripes in 1120 GaN  direction, (b) bird’s-eye view 

SEM image of ELO GaN with stripes in 1 100 GaN   direction, (c) cross-sectional SEM image 

of ELO GaN with stripes in 1120 GaN   direction, and (d) cross-sectional SEM image of ELO 

GaN with stripes in 1 100 GaN   direction. 

According to the goal described in Section 1.7, ELO GaN with a cross-sectional triangular 

shape is necessary for the strain relaxation in subsequent AlGaN growth. Because a cross-sectional 

triangular shape of ELO GaN is easier to achieve when ELO is conducted on a patterned template 

with a 1120 GaN  stripe direction, ELO GaN on a patterned template with the stripes in the  

1120 GaN  direction was chosen initially as the template for AlGaN growth. However, the surface 
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of the AlGaN was difficult to coalesce when it was grown on this template, as shown in Figure 2-

7. A possible reason often used in literature to explain this difference is the anisotropic growth 

rates of the different planes in III-Nitrides  [95]. Specifically, it is often described that the growth 

rate of the {1122}facet is faster than that of the {1101} facet. Nevertheless, as described in this 

chapter, the facet stability and therefore its growth rates are functions of the growth conditions or 

supersaturation. Therefore, in this study, when the stripes were in the 1120 GaN  direction, a 

triangular cross-section of the GaN ELO GaN was easy to achieve; however, coalescence of the 

AlGaN surface was difficult to achieve because of the slow growth rate of the {1101} facets. This 

difference between AlGaN and GaN are representative of the difference supersaturations found 

between the two different materials. 

 

Figure 2-7: Bird’s-eye view SEM of AlGaN on inclined-facet GaN with stripes in 1120 GaN   

direction. White dashed lines separate GaN and AlGaN. AlGaN was grown at 1200°C. 
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Therefore, in order to achieve a coalesced AlGaN surface, AlGaN was grown on inclined-

facet GaN with stripes in the 1 100 GaN   direction where inclined {1122}  facets have fast growth 

rates under typical growth conditions. For the rest of Chapter 2, all samples were grown on 

patterned templates with stripes in the 1 100 GaN   direction. The goal in this Chapter 2 is to 

develop growth conditions that can be used to achieve ELO GaN with a triangular cross-section 

and to investigate the mechanism that underlies facet formation.  

Note that, hereafter in this dissertation, the (2/2) μm pattern is used in order to decrease the 

growth time needed to achieve ELO GaN with a triangular cross-section and coalesced AlGaN. 

Cross-sectional SEM images of ELO GaN stripes were used to represent the shapes of the ELO 

GaN islands. Unless specified, the templates used for ELO GaN are patterned GaN/sapphire 

templates.  

 

2.4. Facet formation by surface reconstruction 

As mentioned above, various groups have reported the necessary growth conditions to 

favor vertical growth and hence the triangular shape of ELO GaN island under low temperature, 

high pressure, and high flow rate of TEG  [60,85,89,90]. However, these various growth 

parameters may be represented by a single growth parameter, Ga vapor supersaturation (σGa), 

which is the driving force for the deposition of GaN in MOCVD  [38,47,48,96] and is expressed 

as Equation (1.7). Several growth parameters such as the growth temperature, total pressure of the 

reactor, and partial pressure of NH3 and H2 can affect the value of supersaturation. Figure 2-8 

shows the relationship of the Ga vapor supersaturation and the growth temperature (with NH3 flow 

rate 1.5 slm) or the NH3 flow rate (with growth temperature 950°C). Other parameters such as the 
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total reactor pressure, total flow rate, and TEG flow rate are 80 Torr, 7.5 slm, and 132 𝜇mol/min, 

respectively.  

 

Figure 2-8: Relationships between Ga vapor supersaturation and (a) growth temperature (with 

NH3 flow rate 1.5 slm) and (b) NH3 flow rate (with growth temperature 950°C). Total reactor 

pressure, total flow rate, and TEG flow rate are 80 Torr, 7.5 slm, and 132 𝜇mol/min, 

respectively.   

Chemical potential of Ga (
Ga ) can be related to vapor supersaturation of Ga (σGa) as 

described in Reddy et al.  [43] and is expressed in Equation (2.1). 

 log(1 )Ga GakT − +   (2.1) 

In this part, growth temperature and partial pressure of NH3 were employed as two ways 

to independently vary Ga vapor supersaturation and characterize the dependence of the shape on 

the supersaturation. Hence, two sets of experiments were conducted in which the supersaturation 

was varied by solely changing growth temperature or NH3 flow rate.  
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2.4.1. Influence of σGa via temperature 

First, the influence of Ga vapor supersaturation on the facet formation via changing growth 

temperature was investigated. The samples were grown at different temperatures ranging from 

900°C, 950°C, 1000°C, to 1050°C, with the NH3 and H2 flow rates being kept constant at 1.5 slm 

and 5.7 slm, respectively. The growth time was 30 min for all samples. The Ga vapor 

supersaturation was calculated according to the method proposed by Mita et al.  [38]. The cross-

sectional SEM images of the ELO GaN islands are shown in Figure 2-9 with the calculated 

supersaturations. As shown, as the growth temperature increases, the supersaturation decreases. 

 

Figure 2-9: Cross-sectional SEM images of ELO GaN islands grown at (a) 900°C, (b) 950°C, (c) 

1000°C, and (d) 1050°C. Other growth parameters were the same for these samples, total 

pressure 80 Torr, TEG flow rate 132 μmol/min, H2 diluent, total flow rate 7.5 slm, NH3 flow rate 

1.5 slm, and growth time 30 min. Scale bar 1 μm. 
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As shown in Figure 2-9 (a), at high supersaturation, the ELO island is bounded by two

{1122}facets, forming a triangular shape. The angle between the inclined facet and the basal plane 

was measured to be 58.7° by SEM, and therefore, the inclined facets were determined to belong 

to the{1122}  family of planes. The schematic diagram of the evolution of the ELO island growth 

to form a triangular shape is shown in Figure 2-10, which is based on the study by Habel et al.  [97].  

 

Figure 2-10: Schematic diagram of the ELO GaN island. Trapezoids and triangle with black 

solid lines represent the evolution of ELO GaN. Yellow dashed lines separate the vertical and 

lateral growth regions. 

In the schematic diagram, the window region and SiO2 mask region of the patterned 

template represent the region without and with SiO2 mask, respectively. The purpose of the SiO2 

mask is to prevent nucleation of GaN on the SiO2 mask; as a result, ELO GaN can only grow from 

the window region and laterally overgrows. As shown in Figure 2-10, the trapezoids and triangle 

with black solid lines show the evolution of ELO GaN as growth continues with vertical and lateral 

growth rate components on (0001)  and {1122}facets, respectively, which are labeled as vertical 

growth (V) and lateral growth (L), respectively. The yellow dashed lines separate the vertical and 
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lateral growth contributions, and hence, the inner triangle bounded by the yellow dashed lines is 

the area of vertical growth, with the rest due to lateral growth. The different contrast of vertically 

and laterally grown regions in Figure 2-9 (a) is likely due to different incorporation levels of 

oxygen and hence different conductivity during the growth on (0001)  and {1122}facets  [98].  

As the supersaturation decreases, the width of (0001) facet increases, forming a trapezoidal 

shape. The triangular and trapezoidal shapes are considered the same type since the shape of ELO 

island is also time-dependent; i.e., as growth continues, a trapezoidal shape will finally grow into 

a triangular shape. As the supersaturation is further decreased, as shown in Figure 2-9 (c), vertical

{1120}facets appear and inclined{1122}facets decrease in size, and at this point, (0001) {1120}

{1122}facets all exist, forming a truncated shape. At even lower supersaturations, as shown in 

Figure 2-9 (d), inclined {1122} facets completely disappear, and only {1120} and (0001)  facets 

exist, forming a rectangular shape.  

It is noticed that as the temperature increases, the cross-sectional area of the ELO islands 

decreases, indicating a decrease in growth rate. In order to investigate this growth rate reduction, 

three ladder structures were grown on sapphire substrates, with the same flow rates of precursors 

and diluent gas as those in ELO GaN. Table 2-2 summarizes the growth parameters of the three 

ladder structures.  

Figure 2-11 shows the cross-sectional SEM image of Ladder structure I. As shown, from 

bottom to top, each layer was grown for 10 min at 1100°C, 1050°C, 1000°C, 950°C, 900°C, and 

850°C. Layers grown at different growth temperatures were separated by ~10 nm AlN layers that 

act as marker layers in SEM images. Therefore, the growth rates of GaN grown with ELO growth 

conditions on flat sapphire substrates were measured. Ladder structures II and III were grown in 

the same way as Ladder structure I except for different reactor pressure and diluent gas.  
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Table 2-2: Growth parameters for the ladder structures. 

Parameter Ladder structure I Ladder structure II Ladder structure III 

Temperature 850°C - 1100°C 850°C - 1100°C 850°C - 1100°C 

Total pressure 80 Torr 20 Torr 80 Torr 

Total flow rate 7.5 slm 7.5 slm 7.5 slm 

Diluent gas H2 H2 N2 

TEG flow rate 132 μmol/min 132 μmol/min 132 μmol/min 

Growth time 10 min for each layer 10 min for each layer 10 min for each layer 

NH3 flow rate 1.5 slm 1.5 slm 1.5 slm 

 

 

Figure 2-11: Cross-sectional SEM image of ladder structure I. 

By utilizing ladder structures, growth rates of GaN as a function of growth temperature 

under different reactor pressure and diluent gas were calculated and plotted in Figure 2-12. As 

shown, when GaN is grown at 80 Torr and H2 diluent gas (Ladder structure I), which is the same 
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as the ELO GaN growth condition, the growth rate of GaN decreases as the growth temperature 

increases. This growth rate reduction coincides with that in ELO GaN growth. In comparison, 

when GaN is grown at 20 Torr and H2 diluent gas (Ladder structure II) or 80 Torr and N2 diluent 

gas (Ladder structure III), the growth rates of GaN remain constant as the growth temperature 

increases. The constant growth rates as the growth temperature increases in Ladder structures II 

and III indicate that GaN growth is in the mass-transport-limited regime  [99] when it is grown 

with the specified flow rates of precursors (as shown in Table 2-2). Mass-transport-limited regime 

means reaction rate constant is much larger than gas-phase mass-transport coefficient, and thereby 

growth rate is limited by mass transport  [39,99]. Reaction rate of chemical reaction is a function 

of temperature. For GaN formation reaction, reaction rate increases as growth temperature 

increases  [100]. Whereas gas-phase mass-transport coefficient decreases as reactor pressure 

increases  [100]. Ladder structure II is in the mass transport-limited-regime means reaction 

constant is much larger than gas-phase mass-transport coefficient with the specified flow rates in 

Table 2-2. Therefore, for Ladder structure I and ELO GaN, in which reactor pressure increases 

and thereby resulting in a lower gas-phase mass-transport coefficient, reaction constant should still 

be much larger than gas-phase mass-transport coefficient. Therefore, growths of Ladder structure 

I and ELO GaN should also be in the mass-transport-limited regime. Hence, growth rate reductions 

are not due to the types of growth regimes.  
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Figure 2-12: The growth rates of GaN at different growth temperatures. 

A similar phenomenon was reported by Ambacher et al.  [101,102]. At this point, the 

underlying mechanism for the growth rate reduction as the growth temperature increases at high 

pressure and H2 diluent remains unclear and may be due to parasitic chemical reactions. Further 

investigation is required to explain this phenomenon in the future. Nevertheless, the growth rate 

reduction did not affect facet formation.  

2.4.2. Influence of σGa via NH3 partial pressure 

Next, the influence of Ga vapor supersaturation on the facet formation via changing NH3 

partial pressure was investigated. In the following experiments, all samples were grown at 950°C, 

with different NH3 flow rates varied over 3.4 slm, 1.5 slm, 0.6 slm, and 0.3 slm so that the Ga 

vapor supersaturations were similar to those of the previous set of experiments with various growth 

temperatures. The growth time was 30 min for all samples. 



   

57 

 

The cross-sectional SEM images of the ELO growth with various NH3 flow rates are shown 

in Figure 2-13 with the calculated supersaturations. As the NH3 partial pressure decreases, the Ga 

vapor supersaturation decreases. Once again, at high supersaturation conditions, {1122}facets are 

favorable and hence the shape of the ELO island is a triangle or trapezoid. As the NH3 partial 

pressure decreases, the Ga vapor supersaturation decreases, and{1122}facets gradually disappear 

and vertical {1120} facets become favorable. As a result, the shape of the ELO island changes 

from a triangle (or trapezoid) to a truncated shape and finally a rectangle. Therefore, in terms of 

controlling the shape of ELO GaN, changing supersaturation via NH3 partial pressure has the same 

trend as changing supersaturation via growth temperature. It is clear that the single growth 

parameter, Ga vapor supersaturation, can be used to predict the shape of the ELO GaN island. 
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Figure 2-13: Cross-sectional SEM images of ELO GaN islands grown with NH3 flow rate at (a) 

3.4 slm, (b) 1.5 slm, (c) 0.6 slm, and (d) 0.3 slm. Other growth parameters were the same for 

these samples: total pressure 80 Torr, TEG flow rate 132 μmol/min, H2 diluent, total flow rate 

7.5 slm, growth temperature 950°C, and growth time 30 min. Scale bar 1 μm. 

2.4.3. Shape factor 

In order to correlate the shapes of the ELO GaN islands to the Ga vapor supersaturations, 

a shape factor λ is defined in Equation (2.2).  

 
C V

C S V S

l l

l l l l
 = +

+ +
   (2.2) 

with Cl , 
Sl  , and Vl representing the length of (0001) ,{1122} , and {1120} facets in the cross-

sectional SEM images, respectively. The schematic diagram illustrating the calculation for 
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different shapes is shown in Figure 2-14, along with two extreme scenarios, when the ELO island 

shape is a rectangle, λ=2, and when it is a triangle, λ=0. 

 

Figure 2-14: (a) Schematic diagram for the calculation of shape factor, (b) rectangle λ=2, and (c) 

triangle λ=0. 

The shape factors of the ELO GaN islands that were grown by varying the growth 

temperature and NH3 flow rate were calculated and plotted in Figure 2-15. As shown, at low 

supersaturation, the ELO island shape is a rectangle, and as the supersaturation increases, the shape 

transitions to a truncated shape and finally to a trapezoid and a triangle. 

 

Figure 2-15: Shape factors of ELO GaN islands at different vapor supersaturations. Green and 

blue symbols represent changing supersaturation by temperature and NH3 flow rate, respectively. 
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From the experimental results above, it is obvious that while apparently many growth 

parameters including growth temperature and NH3 partial pressure affect the facet formation and 

hence affect the shape of the ELO GaN island, none of them independently control the shape of 

the ELO GaN island. The Ga vapor supersaturation that is changed either by temperature or NH3 

partial pressure controls the shape factor. It seems that the various growth parameters influence 

the supersaturation and supersaturation influences facet formation, thereby controlling the shape 

of the ELO GaN island. Specifically, at high Ga vapor supersaturation, {1122}  facets are favored; 

while at low Ga vapor supersaturation, (0001)  and{1120} facets are favored.  

2.4.4. Facet formation mechanism 

In our study, only three types of facets, (0001) {1120} {1122} facets, formed. This is 

explained by the possibility that other facets exhibit fast growth rates thereby rapidly grow out of 

existence  [85]. Therefore, the aforementioned three types of facets are considered to explain the 

mechanism of facet formation. During ELO on patterned templates, in addition to the reactant 

species flux from the vapor phase to window region, Ga adatoms also migrate from the mask 

region to window region  [85,89]. Therefore, to be accurate, the local Ga vapor supersaturation in 

the window region on the patterned template is proposed to determine the shape of ELO island. 

Nevertheless, because the patterned templates used in this work had the same fill factor, the vapor 

supersaturations calculated in this work are proportional to the local supersaturations and can 

represent the local supersaturations of window regions  [103,104]. 

The mechanism that underlies the facet formation follows the principle of surface energy 

minimization. Akiyama et al. calculated the surface energy of individual facets of GaN as a 

function of Ga chemical potential by density functional theory (DFT) analysis  [45]. Figure 2-16 

shows the results of their calculation for the surface energy as well as the favorable surface 
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reconstructions of the specific facets. As shown, within the specified range of Ga chemical 

potential, the surface energy of (0001) and {1120} facets (
(0001)  and {1120}

 ) remain constant 

while the surface energy of {1122}facet ( {1122}
 ) increases as Ga chemical potential, as shown in 

Equation (2.3).  

 {1122} Ga    (2.3) 

The increase of {1122}
  as Ga  is because of its specific surface reconstruction; details of 

the surface energy of a facet as a function of chemical potential under a specific surface 

reconstruction can be found in Refs.  [45,50].  

 

Figure 2-16: The surface energy of (0001) , {1120}, and {1122}facets at different Ga chemical 

potential. The surface reconstructions are labeled for each facet.  
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Combining Formulas (2.1) and (2.3), the relationship between {1122}
 and Ga  is expressed 

in Formula (2.4). 

 {1122}
log(1 )Ga GakT    − +   (2.4) 

It is then proposed that the surface energy of {1122}  facet is inversely proportional to the 

Ga vapor supersaturation; i.e., as Ga vapor supersaturation increases, the surface energy of {1122}  

facet decreases according to Formula (2.4).  

Figure 2-17 shows a schematic diagram of the surface energy of three facets as a function 

of the Ga vapor supersaturation.  At low supersaturation, in Region I, the surface energy of {1122}  

facet is high, therefore, it is not favored; only (0001) and{1120} facets are present, forming a 

rectangular shape. As the supersaturation increases, in Region II, the surface energy of {1122}

facet decreases. The existence of inclined {1122}facets simultaneously decreases the length of 

high-energy (0001)  facet in the cross-section, reducing the total surface energy of the ELO island 

and therefore resulting in a truncated shape. At high supersaturation, in Region III, the surface 

energy of {1122} facet is the lowest, as such, this facet is favored; the shape of the ELO island is 

bounded by two {1122} facets, forming a triangular shape.  
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Figure 2-17: Schematic diagram of the surface energy of three facets as a function of the Ga 

supersaturation. The black, red, and blue lines represent the surface energy of (0001) ,{1120} , 

and{1122} facets at different Ga vapor supersaturations, respectively. 

Noted that the blue line {1122}
 in Figure 2-16 does not intersect with the red line {1120}



because DFT was conducted at 0 K and at growth conditions that are not identical to growth 

conditions used for this ELO study. Under actual growth conditions, it is possible that the blue line 

{1122}
  intersects with the red line {1120}

 , as suggested in Figure 2-17. 

 

2.5. ELO on native substrates 

The growth conditions that were used to form a triangular cross-section of the GaN ELO 

(on a patterned GaN/sapphire template) also were applied for a patterned native GaN substrate to 
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examine whether the same cross-sectional shape of ELO GaN can be achieved for a patterned 

native GaN substrate. Table 2-3 provides a summary of the growth conditions. 

Table 2-3: Growth parameters for comparison of growth on patterned GaN/sapphire template and 

patterned native GaN substrate. 

                 Purpose 

Parameters 

Examine the shape of 

ELO GaN 
Examine the growth mode 

Template 
Patterned GaN/sapphire 

and patterned native GaN 

Nonpatterned GaN/sapphire 

and nonpatterned native GaN 

Temperature 900°C 900°C 

Total pressure 80 Torr 80 Torr 

Total flow rate 7.5 slm 7.5 slm 

Diluent gas H2 H2 

TEG flow rate 132 μmol/min 132 μmol/min 

Growth time 80 min  2 min  

NH3 flow rate 1.5 slm 1.5 slm 

 

To examine the growth mode of the ELO GaN on the patterned GaN/sapphire template and 

patterned native GaN substrate, the same growth conditions were employed for a nonpatterned 

GaN/sapphire template and nonpatterned native GaN substrate for 2 min (because the window 

region on the patterned template was limited for AFM), followed by an AFM scan. Figure 2-18 

demonstrates that, under these ELO growth conditions, the growth mode of the GaN on the 

nonpatterned GaN/sapphire template was dominated by spiral growth due to a high TDD level of 

around 109 cm-2, whereas the growth mode of the GaN on the nonpatterned native GaN was step-

flow (with a bilayer height of 2.6 Å) due to a low TDD level of around 103 cm-2.  
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Figure 2-18: AFM amplitude scan of GaN grown under growth conditions that were used to form 

cross-sectional triangular ELO GaN islands on (a) nonpatterned GaN/sapphire template and (b) 

nonpatterned native GaN substrate.  

Figure 2-19 presents SEM images of ELO GaN on these two patterned templates. As shown, 

cross-sectional triangular shapes were formed for both samples. Thus, cross-sectional triangular 

ELO GaN islands can be achieved in both spiral growth mode and step-flow growth mode. Zigzag 

narrow facets are observed on the inclined facets of the ELO GaN on both templates. The 

occurrence of narrow facets could be due to the off-angle of the mask orientation  [105] (i.e., the 

orientation of the mask is slightly off from the 1 100 GaN  direction) or crystallography  [106,107] 

(i.e., high-energy {1122} facets break into low-energy {1101} facets). 
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Figure 2-19: Comparison of ELO GaN on patterned GaN/sapphire template and patterned native 

GaN substrate. (a) and (c) Bird’s-eye view and cross-sectional SEM image of ELO GaN on 

patterned GaN/sapphire template, respectively. (b) and (d) Bird’s-eye view and cross-sectional 

SEM image of ELO GaN on patterned native GaN substrate, respectively.  

2.6. Conclusions 

In conclusion, the facet formation of the ELO GaN island can be controlled by the Ga vapor 

supersaturation has been experimentally demonstrated. At high supersaturations, {1122}  facets 

are favored, forming a triangular shape; at low Ga vapor supersaturation, {1120}  facets are 

favored, forming a rectangular shape. Similar shapes of ELO GaN islands can be achieved with 
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similar Ga vapor supersaturations even with different process “knobs” such as temperature and 

gas flows. The mechanism underlies facet formation is proposed to be a result of the minimization 

of surface energy dependent on Ga vapor supersaturation due to specific surface reconstructions. 

At high supersaturations, {1122}  facet has low surface energy resulting in a triangular shape, and 

at low supersaturation, {1122} facet has high surface energy, resulting in a rectangular shape with 

a transitional truncated shape at intermediate supersaturations. The proposed facet formation 

mechanism can be useful for the future research of achieving crack-free AlGaN on the faceted 

GaN.   
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Chapter 3: Crack-free and thick Al0.3Ga0.7N grown via FACELO 

3.1. Introduction 

As discussed in Chapter 2, investigating the mechanisms that underlie facet formation and 

the coalescence of ELO is important for achieving high-quality and crack-free AlGaN on native 

GaN substrate. Chapter 2 focuses on the mechanisms for facet formation and this Chapter 3 focuses 

on the mechanisms of the coalescence of AlGaN on inclined-facet GaN during FACELO, which 

is demonstrated schematically in Figure 3-1. As shown, the AlGaN film starts from an inclined-

facet GaN template to relieve the tensile strain in the AlGaN and then is coalesced and planarized 

using the lateral enhanced growth condition. Then, the growth is on the (0001) plane of the AlGaN, 

which serves to avoid unwanted problems such as stacking faults and a rough surface that are 

usually present in the semipolar growth of III-nitrides  [20].  

 

Figure 3-1: Schematic diagram of coalesced AlGaN via FACELO. Black lines represent the SiO2 

mask. Black arrows represent the growth front of AlGaN. 

As described in Chapter 2, ELO GaN islands with a cross-sectional triangular shape and 

grown on a patterned GaN template with stripes in the 1 100 GaN   direction can be achieved. Ga 
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vapor supersaturation determines the facet formation and therefore controls the shape of the ELO 

GaN island. Specifically, high vapor supersaturation of Ga favors vertical growth and low vapor 

supersaturation favors lateral growth. Therefore, as presented in this chapter, growth conditions 

with low Ga and Al vapor supersaturation are employed to favor lateral growth of AlGaN. At a 

fixed composition of AlGaN, the vapor supersaturations of the Ga and Al change simultaneously 

towards the same direction when the growth condition changes; therefore, the vapor 

supersaturation of either Ga or Al can be used to represent the vapor supersaturation of the growth 

condition. In this work, Ga vapor supersaturation is used to represent the vapor supersaturation of 

the growth condition. The goal is to achieve a smooth, crack-free, and coalesced AlGaN film with 

a clean surface to serve as the substrate for the subsequent growth of laser structures. This chapter 

is presented in the following sequence. First, growth conditions to achieve the goal are developed 

and optimized based on investigations of different parameters, such as temperature and NH3 flow 

rate. Second, the crystal properties of AlGaN film achieved via FACELO are assessed using 

multiple characterization techniques.  

 

3.2. Experimental procedures  

The AlGaN films in this work were grown on inclined-facet GaN templates (achieved in 

Chapter 2) with (2/2) 𝜇m striped patterns in the 1 100 GaN   direction, which allows a higher 

lateral growth rate than the 1120 GaN   direction  [95]. Unless specified, the inclined-facet GaN 

templates were grown on patterned GaN/sapphire templates. TMA, TEG, and NH3 were used as 

sources for the Al, Ga, and N, respectively. H2 was used as diluent gas to achieve a smooth 

surface  [108,109].  
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A Verios 460L SEM and an optical microscope were used to examine the coalescence of 

AlGaN film on inclined-facet GaN templates. After achieving the coalesced AlGaN, AFM was 

used to characterize the surface morphology and smoothness of the film. EDS was used to examine 

the element distribution in cross-sections of the AlGaN film. Photoluminescence (PL) and x-ray 

diffraction (XRD) were used to measure the composition of the AlGaN film. Detailed XRD 

analysis that involved curvature measurements and 𝜔-scans was conducted to assess the bowing 

and dislocation density of the AlGaN film, respectively.   

To maintain low vapor supersaturation, low pressure (20 Torr) and a high growth 

temperature (1200°C) were employed. The flow rates of the TEG and TMA and the total flow rate 

were kept at 132 μmol/min, 39 μmol/min, and 11 slm, respectively. The NH3 flow rate and growth 

time were varied from 1 slm to 10 slm and 1 hr to 1.5 hr, respectively. Table 3-1 summarizes the 

growth conditions for AlGaN grown via FACELO and hereafter referred to as FACELO AlGaN.  

Table 3-1: Growth conditions for FACELO AlGaN. 

 

 

Figure 3-2 presents the temperature of a wafer measured via pyrometer as the FACELO of 

AlGaN proceeds. As shown, the inclined-facet GaN template is first nitrided in a mixture of N2 (2 

Parameters Value 

Temperature 1200°C 

Total pressure 20 Torr 

Total flow rate 11 slm 

Diluent gas H2 

TEG flow rate 132 μmol/min 

TMA flow rate 39 μmol/min 

NH3 flow rate 1, 6, 10 slm 

Growth time 1-1.5 hr 
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slm) and NH3 (3 slm) at 950°C for 3 min (step a). Next, transitioning N2 and NH3 flow to H2 and 

NH3 (the flow rates are dependent on specific growth conditions) (step b). Then, the temperature 

is increased to 1050°C and TEG flow is introduced to prevent decomposition of the GaN during 

the temperature increase (step c). Then, the temperature is increased to 1200°C and TMA is 

introduced (step d). Last, once the growth temperature is stabilized, the growth time is measured 

for AlGaN growth (step e). 

 

Figure 3-2: Temperature profile for FACELO AlGaN on inclined facet GaN: (a) nitridation, (b) 

transition of flow rates, (c) and (d) temperature increases, (e) AlGaN growth, and (f) cooling.    

The target Al composition of the AlGaN in this work is 30 percent. In order to ensure the 

target composition, the Al composition of the AlGaN film was determined via XRD and PL. The 

XRD method used in this work was described by Tweedie et al.  [110] and uses symmetric and 

asymmetric 2 − scans to separate the strain and composition measurements of the AlGaN. The 

PL method relies on the usage of near-band-edge free exciton transition and Vegard’s law. Figure 

3-3 displays the bandgap energy of the AlGaN as a function of the Al mole fraction. Bryan et 
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al.  [30] have shown that the empirical bowing parameter b is closely related to the strain state of 

AlGaN film, with 1b =  eV and 0b = eV representing fully strained and fully relaxed AlGaN film, 

respectively. AlGaN film that exhibits partial relaxation lies between these two extremes. In this 

work, AlGaN film is assumed to be fully relaxed and hence 0b =  eV is used. Note that Al 

compositions determined by the XRD and PL methods usually vary slightly because they rely on 

different physical principles. In addition, XRD is capable of measuring the composition of samples 

up to tens of micronmeters whereas PL can measure only up to hundreds of nanometers according 

to their penetration depths  [111,112].  

 

Figure 3-3: Bandgap energy of AlGaN as a function of Al composition. Black and blue lines 

represent fully relaxed and fully strained AlGaN film, respectively.  

3.3. Developing growth conditions for FACELO 

In this section, a new parameter, L/V, is used to quantify the degree of lateral growth. L/V 

is defined as the ratio of the lateral growth rate to the vertical growth rate. Figure 3-4 shows a 
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schematic diagram of the cross-section of AlGaN on an inclined-facet GaN in which V and L 

represent the vertical and lateral growth rates, respectively.  

 

Figure 3-4: Schematic diagram of cross-section of AlGaN on inclined-facet GaN. Blue and 

orange regions represent GaN and AlGaN, respectively. V and L represent vertical and lateral 

growth rates, respectively. 

3.3.1. Effect of temperature  

As mentioned earlier in this chapter, low Ga vapor supersaturation is assumed to favor 

lateral growth and thereby leads to the coalescence of the AlGaN surface when AlGaN is grown 

on an inclined-facet GaN. To examine this hypothesis, the effect of the growth temperature is first 

investigated because the growth temperature has the most significant impact on the magnitude of 

vapor supersaturation.  

First, AlGaN film was grown on an inclined-facet GaN on patterned GaN/sapphire 

template at 1200°C and 1 slm NH3 for 1 hour. (Table 3-1 describes the other growth parameters.) 

Then, the sample was taken from the reactor and reloaded and regrown under the same growth 

conditions for an additional hour. The Ga vapor supersaturation ( Ga  ) estimated to be 12 under 

these growth conditions via the method proposed by Washiyama et al.  [42]. Figure 3-5 presents 
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images of the surface and cross-section of the AlGaN sample. The white dashed line separates the 

first-hour growth of the AlGaN and inclined-facet GaN and the orange dashed line separates the 

second-hour growth and first-hour growth of the AlGaN film. Figure 3-5 (a) shows that, under 

these growth conditions (low vapor supersaturation and low NH3 flow rate), the surface of the 

AlGaN has not coalesced, and the thickness of the AlGaN is already at 9 𝜇m. Figure 3-5 (b) 

demonstrates that, as the AlGaN growth continues, the vertical and lateral growth rates do not 

change. As the growth continues, the inclination angle between the side facet and the basal plane 

is shown to increase from 59° (for GaN and first-hour growth of AlGaN) to 65° (for second-hour 

growth of AlGaN), indicating that the side facet transitions from {1122}  to {2243}. The L/V ratio 

was calculated to be 0.58 according to Figure 3-5 (b). 

 

Figure 3-5: (a) Bird’s-eye view and (b) cross-sectional SEM image of AlGaN grown at 1200°C 

and 1 slm NH3 on inclined-facet GaN on patterned GaN/sapphire template for 2 hours. 12Ga =

and / 0.58L V = . White dashed lines separate first-hour growth of AlGaN and GaN, and orange 

dashed lines separate second-hour growth and first-hour growth of AlGaN. 

Next, a higher temperature, 1250°C, was employed while the other growth conditions were 

kept the same as in the previous experiment. Under these growth conditions, the vapor 
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supersaturation of Ga was 5. The AlGaN sample was first grown on inclined-facet GaN on 

patterned GaN/sapphire template for 1 hour and then taken from the reactor to examine the 

coalescence using an optical microscope. Because sample was not fully coalesced, the sample was 

then reloaded and regrown for an additional hour. Figure 3-6 shows the SEM images of the AlGaN 

sample, with the white dashed line separating the first-hour growth of the AlGaN and inclined-

facet GaN and the orange dashed line separating the second-hour growth and first-hour growth of 

the AlGaN. Figure 3-6 (a) shows that the surface of the AlGaN has coalesced and has hexagonal-

shaped pits with a density of 
65 10 cm-2. The size of the pits ranges from 0.9 𝜇m to 2.2 𝜇m. Figure 

3-6 (b) shows that, after the first hour of AlGaN growth, the surface of the AlGaN sample has not 

yet coalesced, but has done so after the second hour of AlGaN growth. The total thickness of the 

AlGaN is 7.2 𝜇m according to Figure 3-6 (b). Based on the thicknesses of the two AlGaN samples 

at different growth temperatures (i.e., 7.2 𝜇m and 9.0 𝜇m), the growth rate of the AlGaN at 1250°C 

is lower than at 1200°C, which may due to either enhanced parasitic reaction and/or less stability 

of GaN phase at higher temperature. Room-temperature PL spectral show that Al content for 

aforementioned AlGaN samples grown at 1200°C and 1250°C are 20% and 25%, respectively. 

This confirms that GaN phase is less stable at higher temperature. Therefore, as the growth 

temperature increases, the growth rate decreases  [113]. The L/V ratio was calculated to be 0.71 

according to Figure 3-6 (b).  
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Figure 3-6: (a) Bird’s-eye view and (b) cross-sectional SEM image of AlGaN grown at 1250°C 

and 1 slm NH3 on inclined-facet GaN on patterned GaN/sapphire template for 2 hours. 5Ga =

and / 0.71L V = . White dashed lines separate first-hour growth of AlGaN and GaN and orange 

dashed lines separate second-hour growth and first-hour growth of AlGaN. 

Figure 3-7 (a) shows details of the cross-section of the AlGaN sample grown at 1250°C. 

Figure 3-7 (b) is the schematic diagram for this cross-section in which the orange and purple 

regions represent the first-hour and second-hour growth regions, respectively. Figure 3-7 (a) shows 

that the thickness (3.8 𝜇m) of the AlGaN during the second hour of growth is greater than the 

thickness (3.4 𝜇m) during the first hour of growth. This finding indicates that the vertical growth 

rates changes during coalescence. However, the cross-sectional areas of first-hour and second-

hour growth of AlGaN regions are the same (i.e., 16.7 𝜇m2 and 16.8 𝜇m2 for first-hour and second-

hour growth regions, respectively). Therefore, it is proposed that the interfacet mass transport of 

adatoms from the (0001) facet towards the side facets occurs during FACELO AlGaN. As the 

growth continues, the size of the side facets becomes smaller. Therefore, fewer adatoms migrate 

to the side facets, resulting in more growth on the (0001) plane, which in turn leads to a larger 

thickness for the second-hour growth region of the AlGaN.  
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Figure 3-7: (a) Cross-sectional SEM image of AlGaN grown at 1250°C and 1 slm NH3 for 2 

hours and (b) schematic diagram of cross-section of AlGaN. The orange and purple regions 

represent first-hour and second-hour growth regions of AlGaN, respectively.  

Even though the surface of AlGaN can be coalesced at the high temperature of 1250°C, 

two problems occurred during these tests. The first problem is that the surface of the wafer was 

covered by debris (not shown here) that could have come from the susceptor edge and wafer edge 

(which was not patterned with masks due to limitations in the fabrication process) at the high 

temperature, thereby limiting the useful area for subsequent laser growth. The second problem is 

that pits were present on the surface. These two problems will negatively impact subsequent 

growth of AlGaN-based device. Therefore, using a high growth temperature to achieve surface 

coalescence is not a good method. Hence, the growth temperature should not be higher than 

1200°C. 

Conclusions can be drawn based on the results of the aforementioned two experiments. 

First, increasing the temperature can decrease the vapor supersaturation of Ga (and Al) and thus 

favors lateral growth (i.e., the L/V ratio increased from 0.58 to 0.71) and leads to the coalescence 

of the AlGaN surface, which justifies the hypothesis that lowering the vapor supersaturation favors 
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lateral growth. Second, surface coalescence was not achieved even though the thickness of the 

AlGaN exceeded 9 𝜇m under the growth conditions of 1200°C and 1 slm NH3. Ga vapor 

supersaturation was as low as 12, indicating that simply utilizing low vapor supersaturation is not 

effective in achieving surface coalescence. Third, the growth temperature should be lower than 

1200°C in order to keep the AlGaN surface clean. Therefore, the other growth parameters should 

be investigated to achieve surface coalescence.  

3.3.2. Effects of NH3 partial pressure  

Next, the effects of NH3 partial pressure were investigated in this study. In this 

experimental series, three AlGaN growths were performed on inclined-facet GaN on patterned 

GaN/sapphire templates in three growth runs with different NH3 flow rates: 1 slm, 6 slm, and 10 

slm, respectively. The growth time was 1 hour for each sample. (Table 3-1 describes the other 

growth parameters.) The Ga vapor supersaturation values were estimated to be 12, 153, and 330 

for NH3 flow rates of 1 slm, 6 slm, and 10 slm, respectively.  

Figure 3-8 presents cross-sectional SEM images of the three AlGaN samples that were 

grown at different NH3 flow rates. As shown, as the NH3 flow rate increases, the lateral growth 

mode is enhanced. In order to quantify this phenomenon, the vertical and lateral thicknesses were 

measured; then, the V, L, and L/V were calculated and plotted (shown in Figure 3-9).  



   

79 

 

 

Figure 3-8: Cross sectional SEM images of AlGaN grown on inclined-facet GaN on 

GaN/sapphire templates at different NH3 flow rates: (a) 1 slm, (b) 6 slm, and (c) 10 slm. Ga is 

12, 153, and 330 for (a), (b), and (c), respectively. Growth time is 1 hour for each sample. White 

dashed lines separate AlGaN and GaN.  

As shown in Figure 3-9, as the NH3 flow rate increases, the lateral growth rate L reduces 

slightly from 2.6 𝜇m/h to 1.8 𝜇m/h to 1.7 𝜇m/h whereas the vertical growth rate V reduces 

significantly from 4.5 𝜇m/h to 1.4 𝜇m/h to 0.9 𝜇m/h. As a result, the L/V ratio increases from 0.58 

to 1.30 to 1.88 and coalescence becomes easier. Based on these results, a high NH3 flow rate is 

effective for achieving coalescence. In this research, 6 slm NH3 then was used to maintain a high 

L/V ratio as well as less parasitic reaction  [114–117]. The reason for the difference in growth rate 

reductions of the AlGaN growths on (0001)  and{1122}facets as NH3 flow rate increased may be 
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due to different surface reconstructions, which are because of different atomic configurations of 

these facets  [74,103,118,119]. Further investigation is required to explain this phenomenon more 

explicitly.  

 

Figure 3-9: Vertical growth rate (V), lateral growth rate (L), and corresponding L/V ratio at 

different NH3 flow rates. L/V ratios are 0.58, 1.30, and 1.88 for FACELO AlGaN under 1 slm, 6 

slm, and 10 slm NH3, respectively. 

3.3.3. AlGaN growth evolution 

After determining the optimal NH3 flow rate to maintain a high L/V ratio for coalescence, 

the evolution of the AlGaN growth was investigated. Four AlGaN samples were grown on 

inclined-facet GaN on patterned GaN/sapphire templates for different growth durations: 15 min, 

60 min, 65 min, and 90 min, respectively. The growth temperature and NH3 flow rate were 1200°C 

and 6 slm, respectively. (Table 3-1 describes the other growth parameters.) Figure 3-10 shows  

cross-sectional SEM images of these AlGaN samples. As shown, both vertical growth (on the 
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(0001) plane) and lateral growth (on the {1122}plane) are present during FACELO. As growth 

continues, the {1122} facets of the AlGaN gradually decrease in size and eventually disappear; at 

this time, the AlGaN surface is coalesced, as shown in Figure 3-10 (c). After coalescence, the 

subsequent AlGaN growth is simply (0001) plane growth, as illustrated in Figure 3-10 (d). Figure 

3-10 (c) and (d) show diamond-shaped regions (indicated by yellow diamond shape) in the AlGaN 

layer that are due to different contrasts in the SEM images.  

 

Figure 3-10: Cross-sectional SEM images of AlGaN on inclined-facet GaN on patterned 

GaN/sapphire templates at 1200°C and 6 slm NH3 for different growth times: (a) 15 min, (b) 60 

min, (c) 65 min, and (d) 90 min. White dashed lines separate AlGaN and GaN. Yellow diamond 

shape indicates the diamond-shape region. 
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EDS mapping was conducted to investigate the origins of the diamond-shaped regions. 

Figure 3-11 (a) is the corresponding SEM image of Figure 3-11 (b) that shows the EDS mapping 

results for the coalesced AlGaN on an inclined-facet GaN on patterned GaN/sapphire template. 

Figure 3-11 (b) clearly shows that the diamond-shaped regions have lower Al concentrations than 

the vertically grown regions. Because Al atoms have a lower atomic number than Ga atoms due to 

the principles of contrast in SEM images (as described in Chapter 1), the diamond-shaped regions 

that have lower Al concentrations (i.e., higher Ga concentrations) should have brighter contrast 

than the other regions, resulting in the diamond-shaped regions shown in Figure 3-10 (d). These 

diamond-shaped regions indicate that spatial variations of composition are present in AlGaN prior 

to coalescence during FACELO. After coalescence, the composition is uniform.  

 

Figure 3-11: (a) Cross-sectional SEM image and (b) EDS mapping of coalesced AlGaN on 

inclined-facet GaN on patterned GaN/sapphire template. Yellow diamond shapes represent the 

diamond-shaped regions. AlGaN region above the white dashed line is coalesced region. 

To explain this phenomenon better, Figure 3-12 presents a schematic growth model of 

FACELO AlGaN that combines the results shown in Figure 3-10 and Figure 3-11. As shown, when 
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AlGaN is grown on an inclined-facet GaN, growth occurs on both the (0001) facets and {1122}

facets. Assuming that AlGaN growth on (0001) facets incorporates a higher Al content than on 

{1122} facets, then, upon coalescence, vertically grown regions will have higher Al contents than 

laterally grown regions, resulting in diamond-shaped regions.  

 

Figure 3-12: Schematic diagram of growth model of FACELO AlGaN on inclined-facet GaN. 

Bold black lines represent SiO2 masks. Black and blue dashed lines represent the growth 

evolution of GaN and AlGaN, respectively. White dashed lines separate regions of vertical and 

lateral growths of both GaN and AlGaN. Dark and light orange regions represent AlGaN regions 

with high and low Al contents, respectively.   

Dinh et al.  [120] directly proved the assumption that the Al content are different for AlGaN 

grown on (0001) and {1122}facets. They conducted AlGaN growth on 2-inch planar (0001) and 

(1122)  AlN templates in the same growth run and demonstrated that AlGaN grown on the (0001) 
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plane AlN template had a higher Al content than when grown on the (1122)  plane AlN template. 

Based on this observation, Dinh et al.  [120] proposed that the different atomic configurations of 

the (1122) and (0001) facets led to the different Al contents of AlGaN grown on these two facets. 

As part of this hypothesis, they attributed the difference in the AlN mole fractions of the two facets 

to the higher Ga incorporation on the (1122) facet, which has a higher density of incorporation 

sites. 

 Following this, because Al has higher incorporation probability due to the higher Al-N 

bond enthalpy, Al atoms will first incorporate to available sites and then Ga atoms will start to 

incorporate. Therefore, because a (1122) facet has more incorporation sites, it will incorporate 

more Ga than a (0001) facet. Therefore, the (1122) grown AlGaN will have a higher Ga content 

(or lower Al content). This inference is based on the assumption that the incorporation probability 

depends on the bond enthalpy, leading to a compositional distribution that is dependent on the 

incorporation site density. As the incorporation site density is simply a constant that is dependent 

on the particular surface, it is not expected to influence statistical distribution, as is argued for 

Al/Ga incorporation. As such, further work is needed to understand the typically observed 

compositional differences that are due to differences in species incorporation. 

Alternatively, Bryan et al.  [53] suggested that, under a high growth temperature, Ga 

adatoms desorb easily (i.e., have a small residence time) while migrating on the surface before 

incorporating at the incorporation sites. As a result, the surface diffusion length of Ga adatoms is 

shorter than that of Al adatoms. Hence, the composition of Ga in AlGaN can be expressed by 

Equation (3.1). 

 
0

Ga

A
x

A B
=

+
  (3.1) 
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where A and B are constants and 0 is the terrace width of the surface. Therefore, Bryan et al.  [53] 

proposed that the longer the terrace width, the lower the Ga incorporation level for given growth 

conditions. Taking advantage of their hypothesis, it is proposed here that the terrace width of the 

{1122}facet must be shorter than that of the (0001) facet. As a result, Ga incorporation on the 

{1122}facet is higher than on the (0001) facet. As such, the Al content of AlGaN grown on a 

{1122}facet is less than when grown on a (0001) facet. Future work is required to verify the terrace 

widths of {1122}and (0001) facets. 

These diamond-shape regions are caused by spatial variation of Al composition, i.e., 

vertically grown regions have high Al content than laterally grown regions. As a result, lattice 

misfit is present at the interfaces of vertically and laterally grown regions and will introduce more 

TDs, which will be discussed in Chapter 4.  

3.3.4. Optimizing growth conditions  

AlGaN growth on an inclined-facet GaN on both a patterned native GaN substrate and 

patterned GaN/sapphire template was performed under 1200°C and 6 slm NH3 for 90 minutes. 

(Table 3-1 describes the other growth parameters.) Both samples achieved surface coalescence 

with similar surface morphology, as shown in Figure 3-13. When using 1200°C and 6 slm NH3, 

pits are not present on the surface. However, hillocks with a density of 
41 10 cm-2 can be observed. 

Most hillocks are associated with debris that may have come from the susceptor edge at this high 

growth temperature and then may result in the occurrence of hillocks around the debris.  
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Figure 3-13: (a) Optical microscopy image and (b) bird’s-eye view SEM image of coalesced 

surface of FACELO AlGaN on inclined-facet GaN on patterned native GaN substrate under 

1200°C and 6 slm NH3 for 90 min. 

These hillocks are detrimental to subsequent laser growth and thus should be avoided. In 

order to avoid debris on the surface, a slightly lower temperature, 1100°C, was used in this study. 

By lowering the growth temperature, the Ga vapor supersaturation increases, which hinders lateral 

growth. In order to maintain similar supersaturation, the flow rates of TEG and TMA were 

decreased, which leads to a lower growth rate of AlGaN. Table 3-2 summarizes the growth 

parameters for the optimized growth conditions. Ga vapor supersaturation is 215 under these 

growth conditions. The AlGaN sample was grown for 8 hours on an inclined-facet GaN on 

patterned native GaN substrate in order to achieve coalescence using these optimal growth 

conditions.   
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Table 3-2: Optimal growth conditions to achieve coalescence of AlGaN surface. 

 

 

 

 

 

 

 

 

 

3.4. Characterization of coalesced AlGaN via FACELO 

Multiple characterization techniques that included the use of PL, SEM, OM, AFM, and 

XRD were performed to assess the crystal quality of AlGaN on inclined-facet GaN on patterned 

native GaN substrate via the optimal growth conditions presented in Table 3-2.  

Figure 3-14 shows a room-temperature PL spectrum of the FACELO AlGaN sample. The 

Al content of the AlGaN was calculated to be 25% from the energy peak, which is close to the 

target composition. Moreover, no defect peaks are observed, suggesting that the sample have a 

low amount of impurities or other related point defects. Therefore, PL indicates that the sample 

has good crystal quality and thus is suitable to serve as a template for subsequent growth of laser 

structures. By comparison, the Al compositions measured by XRD are 26% and 15%, which 

correspond to vertically and laterally grown AlGaN during FACELO, respectively. 

Parameters Value 

Temperature 1100°C 

Total pressure 20 Torr 

Total flow rate 11 slm 

Diluent gas H2 

TEG flow rate 33 μmol/min 

TMA flow rate 10 μmol/min 

NH3 flow rate 6 slm 

Growth time 8 hr 
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Figure 3-14: Room-temperature PL spectrum of FACELO AlGaN grown on inclined-facet GaN 

on patterned native GaN substrate under the optimized growth conditions for 8 hours. 

Figure 3-15 shows the surface of the AlGaN sample. By utilizing the optimized growth 

conditions, the surface of the AlGaN is coalesced and clean in a large scale. This outcome indicates 

that lowering the temperature can effectively avoid debris falling onto the surface. Moreover, no 

cracks or pits can be observed on the surface of the AlGaN. Figure 3-16 shows a cross-section of 

the FACELO AlGaN. The L/V ratio was calculated to be 1.14. The thickness of the AlGaN is 4.6 

𝜇m, which is significantly larger than the critical thickness for cracking, yet no cracks are observed 

on the surface. In contrast, when AlGaN with this composition is grown on the (0001) plane GaN 

template for 0.2 𝜇m, a significant number of cracks are present on the surface  [121]. As such, 

these results indicate that FACELO is effective for strain relaxation.  
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Figure 3-15: (a) Optical microscopy image and (b) bird’s-eye view SEM image of coalesced 

surface of FACELO AlGaN grown on inclined-facet GaN on patterned native GaN substrate 

under the optimized growth conditions for 8 hours. 

 

Figure 3-16: Cross-sectional SEM image of FACELO AlGaN grown on inclined-facet GaN on 

patterned native GaN substrate under the optimized growth conditions for 8 hours. 

Figure 3-17 shows the AFM height scans of this AlGaN sample at areas of 10×10 𝜇m2 and 

3×3 𝜇m2. Bilayers steps (with step height ~ 2.6 Å) can be observed, and the root-mean-square 
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(RMS) roughness values for the 10×10 𝜇m2 and 3×3 𝜇m2 areas are 1.0 nm and 0.2 nm, respectively, 

which means that the surface of the coalesced AlGaN is locally smooth. 

 

Figure 3-17: AFM height scans of surface of FACELO AlGaN grown on inclined-facet GaN on 

patterned native GaN substrate in 10×10 𝜇m2 area (left) with RMS roughness of 1.0 nm and 3×3 

𝜇m2 area (right) with RMS roughness of 0.2 nm. 

To investigate the distribution of TDs, FACELO AlGaN grown on inclined-facet GaN on 

patterned native GaN substrate was etched using molten potassium hydroxide (KOH) for 1 min at 

200°C. Generally, due to the self-energy of dislocations, regions around dislocations are more 

active and thereby etched faster than dislocation-free regions, giving rise to the presence of etched 

pits on the surface  [122–125]. Therefore, etched pits can be used as indicators of TDs. However, 

etching pits density (EPD) of the GaN that is etched by molten KOH is usually one order of 

magnitude lower than the TDD that is measured via transmission electron microscopy (TEM), 

because some TDs do not penetrate to the surface  [126]. Figure 3-18 shows the AFM scan and 

bird’s-eye view SEM image of the etched sample. EPD was estimated to be around 
72 10 cm-2 
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according to Figure 3-18 (a). As shown in Figure 3-18 (b), the etched pits are along the coalescence 

boundaries and almost no etched pits are observed in the region between two neighboring 

coalescence boundaries, which indicates that the TDs in the AlGaN layer converged to the 

coalescence boundaries during FACELO.  

 

Figure 3-18: (a) AFM height scan and (b) bird’s-eye view SEM image of FACELO AlGaN 

grown on inclined-facet GaN on patterned native GaN substrate etched by molten KOH. 

In addition, curvature and FWHM of AlGaN on inclined-facet GaN on both patterned 

GaN/sapphire (sample I) and patterned native GaN (sample II) were measured by XRD. Table 3-

3 summarizes the results of curvature and FWHM of sample I and II. As shown, both samples are 

severely bowed after growths of thick AlGaN layers. The reason why sample I has a smaller radius 

of curvature is because GaN/sapphire template is more bowed due to residual strain compared with 

native GaN substrate (i.e., the radius of curvature for GaN/sapphire template and native GaN are 

20 m and 100 m, respectively). Equation (3.2) demonstrates the principles of broadening of 𝜔-

scan by assuming Gaussian peak shapes  [127]. 

 2 2 2 2 2 2 2

0m d L r       = + + + + +   (3.2) 
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where m is the measured FWHM, 
0 is the intrinsic rocking curve width, d is the instrumental 

broadening width,  is the broadening from lattice rotations at dislocations (i.e. tilt or twist), 

is the broadening due to strain, 
L is the broadening due to limited correlation lengths, and r is 

the broadening due to wafer curvature. Generally, 
0 and d are small (only a few arcsec) 

compared with  . However,  ,
L , and r can be large  [128]. Equation (3.3) shows the 

broadening due to curvature.  

 
180

3600
x

R



=     (3.3) 

 where x is the beam size of X-ray and is assumed to be 5 mm. R is the radius of curvature. Unit 

of is arcsec.  

Even ruling out the contribution of broadening due to curvature, the FWHM of (302) 

reflection of GaN layer in sample II is still large, corresponding to a TDD of 
83 10  cm-2. However, 

because inclined-facet GaN layer in sample II was homoepitaxially grown on native GaN that has 

a TDD smaller than 
31 10 cm-2, the TDD of GaN layer should also around 

31 10 cm-2. Therefore, 

it indicates other factors such as strain and correlation length of AlGaN film may cause this 

broadening. Because the contributions of broadening from strain and correlation length are 

difficult to estimate, Table 3-3 shows the FWHM of (302) reflection after only ruling out 

contribution of curvature, which gives a upper limit of the estimation of TDD. TEM will be 

conducted to acquire more accurate TDDs of samples in Chapter 4.  
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Table 3-3: Curvature and FWHM of sample I and II. 

Sample 

Radius of 

curvature 

(m)* 

FWHM of (302) 

reflection plane 

(arcsec) 

FWHM of (302) 

after curvature 

(arcsec)** 

Edge dislocation 

density
edge   

(cm-2) 

// ⊥  GaN AlGaN GaN AlGaN GaN AlGaN 

I 5 3 840 2429 815 2420 
93 10  

103 10  

II 20 12 223 1393 217 1392 
83 10  

101 10  

   

   Note:  *. // and⊥ represent parallel and perpendicular to stripe direction, respectively. 

             **. FWHM of (302) reflection plane after ruling out the contribution of curvature.  

 

Figure 3-19 shows the (002) 𝜔-scan of sample I (a) and sample II (b) with in-plane 

projection of incident beam parallel and perpendicular to stripe direction, respectively. As shown, 

for both samples, rocking curve perpendicular to stripe is broader than that of parallel to stripe. 

Previous work demonstrated that this anisotropic broadening is because of dislocation bending, 

strain due to coalescence boundaries and masks, and basal plane stacking faults  [21,54,129–131]. 

Both samples have two peaks when scanning parallel to stripe direction. The narrow and broaden 

peak corresponds to GaN peak and multiple AlGaN peaks (which are due to laterally and vertically 

grown AlGaN during FACELO), respectively, by analyzing the peak separations. Interestingly, 

satellite peaks (which usually are referred as ‘wing tilts’ in ELO) are only observed in sample I, 

whose inclined-facet GaN layer should a TDD around 109 cm-2, which is the normal level of TDD 

in GaN/sapphire template. Feng  [129] showed that dislocation bending is the main factor that 

results in the wing tilts. Because TDD of inclined-facet GaN in sample I is much higher than that 
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of sample II, the tilt due to dislocation bending should be larger in sample I, therefore, wing tilts 

are observed in sample I.   

 

Figure 3-19: (002) 𝜔-scan of sample I (a) and sample II (b) with in-plane projection of incident 

beam parallel and perpendicular to stripe direction, respectively. 

3.5. Conclusions 

In summary, this study has shown experimentally that low Ga (Al) vapor supersaturation 

and high NH3 partial pressure increase the L/V ratio and thereby enhance lateral growth. 

Specifically, growth conditions with high NH3 partial pressure are more effective in terms of 

increasing the L/V ratio than growth conditions with low vapor supersaturation. The EDS mapping 

results demonstrate that spatial variations of compositions occur for AlGaN grown via FACELO. 

Optimized growth conditions were developed to achieve thick, crack-free, pit-free, and coalesced 

AlGaN film with a clean surface. The surface of FACELO AlGaN is locally smooth and has RMS 

roughness values of 1.0 nm and 0.2 nm for 10×10 𝜇m2 and 3×3 𝜇m2 areas, respectively. The 
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distribution of the etched pits caused by molten KOH on a FACELO AlGaN surface indicates that 

TDs converge to the coalescence boundaries.  
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Chapter 4: Strain relaxation of FACELO AlGaN 

4.1 Introduction 

Currently, details regarding FACELO AlGaN strain relaxation are lacking. As such, this 

chapter focuses on the strain relaxation of FACELO AlGaN as described in Chapter 3. First, the 

basics of the heterostructure strain relaxation, including strain type, strain relaxation methods, and 

critical thickness, are introduced. Next, the experimental results of reciprocal space mapping (RSM) 

are used to assess strain relaxation. Conventional TEM and scanning transmission electron 

microscopy (STEM) are utilized to investigate the dislocations inside FACELO AlGaN as well as 

TDD. In addition, unexpected perpendicular cracks that existed inside the FACELO AlGaN are 

investigated. Finally, a possible solution to solve this problem is proposed and investigated. 

4.1.1. Theoretical strain analysis 

For growth on a (0001) plane, the lattice misfit strain is equi-biaxial and is defined by 

Equation (4.1). 

 
T L

L

a a

a


−
=   (4.1) 

For semipolar growth, the lattice misfit strain is not equi-biaxial and is defined in Equations 

(4.2) and (4.3)  [132]. 

 1
T L

L

a a
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−
=   (4.2) 
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− +
=

+
  (4.3) 

where Ta  and Tc are lattice constants for the template; La and Lc  are the lattice constants for the 

unstrained epitaxial layer on the template; 1  is the strain in the c-axis projection on the semipolar 
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plane; and 2 is the strain in the orthogonal direction to the c-axis projection on the semipolar plane. 

For {1122}oriented growth, 1 and 2 are in the 1100   and 1120   directions, respectively. 

  is the inclination angle of the growth plane with respect to the basal plane of the template 

material. For AlGaN grown on a {1122} oriented GaN template, tan T

T

c

a
 = . In Equation (4.3), 

the lattice misfit strain 2  does not depend on the misorientation axis; i.e., no other parameters are 

involved except the lattice constants and inclination angle  . According to Equation (4.3), in the 

case that the layer and template have the same c/a ratio, i.e., 
L T

L T

c c

a a
= , then 1 2 = . For the 

inclination angle  = 0°, 2 1
T L

L

a a

a
 

−
= = , and for the inclination angle  = 90°, 2

T L

L

c c

c


−
= . 

Therefore, for (0001) oriented growth in which = 0°, the lattice misfit strain is equi-biaxial. 

However, for nonpolar and semipolar growth, the lattice misfit strain in two orthogonal directions 

differs due to the different c/a ratios of the layer and template materials.  

Therefore, the lattice misfit strain and thermal mismatch strain of AlGaN on {1122}  

oriented GaN can be calculated by Equations (4.2) and (4.3) and Equation (1.16), respectively. In 

calculating the thermal strain, the growth temperature and room temperature are assumed to be 

1100°C and 25°C, respectively. Table 4-1 summarizes the physical parameters and results of the 

theoretical strain whereby the lattice constants and thermal expansion coefficients of AlGaN 

follow Vegard’s law  [133]. As shown, the thermal strain is more than one order of magnitude 

smaller than the lattice misfit strain, and therefore can be neglected.  
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Table 4-1: Lattice misfit strain and thermal misfit strain of Al0.3Ga0.7N grown on {1122}  plane 

oriented GaN. Lattice constants and thermal expansion coefficients are taken from Refs.  [27,28]. 

 

Lattice 

constant  

(Å) 

Lattice misfit 

strain on 

Al0.3Ga0.7N 

Thermal expansion 

coefficient 
6 1(10 )K− −  

Thermal misfit 

strain on 

Al0.3Ga0.7N 

 a c [1 100]  [1123]  
a  

c  [1 100]  [1123]  

GaN 3.189 5.185   5.6 3.2   

Al0.3Ga0.7N 3.166 5.124 0.73% 1.06% 5.2 3.8 -0.04% 0.06% 

 

4.1.2. Slip systems 

A slip system describes a set of equivalent slip planes and a family of slip directions. 

Dislocations glide on the slip plane in the slip direction and result in plastic deformation. Normally, 

slip planes are close-packed planes and slip directions are close-packed directions, thereby 

corresponding to the shortest lattice translation vectors. The magnitude and direction of a slip are 

represented by the Burgers vector  [134]. Figure 4-1 presents some possible slip systems in III-

nitrides  [12]. 
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Figure 4-1: Slip systems in a hexagonal lattice. Slip planes and directions are indicated  [12]. 

For in-plane tensile or compressive stress, shear components exist at all directions except 

for those parallel or perpendicular to the stress direction. These shear components are referred to 

as ‘resolved shear stress’ whose magnitudes depend not only on the in-plane stress, but also on the 

orientation of both the slip plane and slip direction. Figure 4-2 shows the relationship between in-

plane stress and resolved shear stress. The resolved shear stress can be expressed by Equation 

(4.4)  [134]. 

 cos cos   =   (4.4) 

where  is the in-plane stress;  is the angle between the Burgers vector and a line in the 

interfacial plane which is perpendicular to the intersection of the slip plane with the interfacial 

plane; and  is the angle between the normal of the slip plane and the interfacial plane. When the 
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resolved shear stress   is larger than some critical value, dislocations can glide via a slip system. 

In this case, the slip system is known as an ‘active’ slip system. 

 

Figure 4-2: Schematic diagram to illustrate the relationship between resolved shear stress and in-

plane stress  [134].  

4.1.3. Strain relaxation methods 

In general, strain in a heterostructure can be relaxed via three different methods: (i) elastic 

relaxation in the case of 3D growth mode, (ii) cracking, and (iii) plastic relaxation via the formation 

of MDs at the heterointerface  [135]. MDs can be generated either by the inclination and glide of 

pre-existing dislocations in the epitaxial film via an active slip system or by the nucleation of 

dislocation half-loops at the free surface (e.g., the top of the growth surface or sidewalls of 3D 

islands) and the subsequent glide of these dislocation half-loops to the heterointerface via an active 

slip system  [49,136–138], as shown in Figure 4-3.  
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Figure 4-3: Generation of MDs via (a) glide of pre-existing TDs and (b) glide of dislocation half-

loops  [49]. 

Because a rough surface and cracking are detrimental for the performance of III-nitrides-

based devices, they should be avoided for strain relaxation. To achieve good performance, the 

strain is required to be relaxed via the formation of MDs. When the thickness of the strained film 

exceeds a critical thickness hc, MDs form. Two models, the Matthews-Blakeslee model  [12,139] 

and the People-Bean model  [140], have been used extensively by researchers to estimate the 

critical thickness for MDs.  

The Matthew-Blakeslee model is based on mechanical equilibrium and considers a balance 

of the force that is due to lattice mismatch ( aF ) and restriction forces that include dislocation line 

tension ( lF ) and Peierls force (
PF ) on the dislocations  [12], as shown in Equations (4.5) through 

(4.8).  
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where G and ν are the shear modulus and Poisson’s ratio of the film, respectively; b, h, and ε are 

the magnitudes of the Burgers vector, the film thickness, and the lattice misfit strain, respectively; 

λ is the angle between the Burgers vector and a line on the interfacial plane which is perpendicular 

to the intersection of the slip plane with the interfacial plane; 𝛼 is the angle between the MD line 

and its Burgers vector; d is the interplanar spacing of the slip planes; and 𝜔 is a material constant. 

Note that Fa is converted from the resolved shear stress and, thus, Fa and the resolved shear stress  

are equivalent  [141].  

At critical thickness hc, the three forces that act on the dislocation line are in equilibrium, 

as shown in Equation (4.9). 

 a l PF F F= +   (4.9) 

When ch h , Fa becomes larger than the sum of Fl and FP, which makes the formation of MDs 

mechanically favorable.  

Chidambarrao et al.  [142] proposed a model to estimate the magnitude of the Peierls force 

(
PF ) of various slip systems, as shown in Table 4-2  [12]. Specifically, a larger interplanar spacing 

of the slip planes contributes to a lower Peierls force  [12,142,143]. When AlGaN is grown on 

(0001) GaN, because the resolved shear stress on the (0001) plane is zero, the primary slip system 

is inactive. As such, a possible slip system for the generation of MDs is a secondary slip system, 

i.e., 1/ 3 1123 {1122}  . However, the Peierls force is large for this type of slip system, as shown 

in Table 4-2, which makes it difficult to generate MDs. Floro et al.  [121] demonstrated that, when 
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AlGaN with an Al content greater than 17% is grown on (0001) GaN, cracking occurs earlier than 

the formation of the MDs to relieve the tensile strain. 

Table 4-2: Examples of slip systems in III-Nitrides and corresponding Peierls force  [12,143]. 

Type Slip system 
Interplanar 

spacing (nm) 

Peierls force FP at 

1100°C (GPa) 

Primary 1/ 3 1120 (0001)   0.519 0.002 

Prism 

1/ 3 1120 {1100}   0.276 1.12 

1/ 3 1123 {1100}   0.276 13.33 

Pyramidal 

1/ 3 1120 {1101}   0.244 2.60 

1/ 3 1123 {1101}   0.244 18.92 

1/ 3 1123 {1121}   0.152 101.30 

1/ 3 1123 {1122}   0.136 139.66 

 

The Peierls force in a primary slip system is very small, which contributes to the efficient 

generation of MDs if the primary slip system is active. Young et al. demonstrated that 540 nm 

AlGaN with 12% Al could be grown on {1122}GaN without cracking  [144]. However, Figure 1-

3 (in Chapter 1) shows that cracks occur when 100 nm AlGaN with 12% Al is grown on (0001) 

GaN. Therefore, AlGaN grown on {1122}GaN is more effective in terms of strain relaxation via 

the generation of MDs than AlGaN grown on (0001) GaN. However, as shown in Chapter 1, 

AlGaN grown on {1122}GaN presents challenges, such as basal plane stacking faults and a rough 

surface. These challenges make AlGaN on planar {1122}GaN unsuitable to serve as the template 

for the subsequent growth of UVA LDs. The FACELO of AlGaN thus is proposed to take 
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advantage of strain relaxation via growth on {1122}GaN as well as to avoid the challenges that 

arise with semipolar growth.  

The People-Bean model relies on the balance of the energy equilibrium; i.e., the strain 

energy that is relieved by MDs should be greater than the self-energy of dislocations that are added 

to the system. The critical thickness of MDs that is estimated by this model is given by Equation 

(4.10)  [140]. 
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where a and f are the in-plane lattice parameter and in-plane strain of the film, respectively; b is 

the Burgers vector of the MDs; and hc is the critical thickness for MDs.  

Because FACELO AlGaN starts its growth on the {1122}  facets of GaN and then grows 

laterally to achieve coalescence, the strains at FACELO AlGaN/GaN interface should be 

equivalent to that of AlGaN on {1122}-oriented GaN (i.e., semipolar growth). Figure 4-4 shows 

the critical thickness for MDs of AlGaN grown on a {1122}plane-oriented GaN. In the simulations, 

assuming MDs glide via a primary slip system, 1/ 3 1120 (0001)  , the magnitude of the Burgers 

vector | |b equals the lattice constant a. The Poisson’s ratio of ν = 0.31  [121] and the strain along 

1123   at the heterointerface are utilized in the simulations. As shown, for AlGaN with 30% Al 

grown on {1122} GaN, the critical thicknesses for MDs are 5 nm and 124 nm, as estimated using 

the Matthews-Blakeslee and People-Bean models, respectively. Difference between these two 

models is that Matthews-Blakeslee model assumes an pre-existing TD and is based on force 

balance whereas People-Bean model does not assume an pre-existing TD and is simply energy 

balance. 
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Figure 4-4: Critical thicknesses for MDs of AlGaN grown on {1122}plane-oriented GaN. MDs 

glide via the primary slip system. The strain used for simulations is in the [1123]  direction. 

4.2. Experimental procedures 

XRD measurements were taken using a Philips X’Pert MRD using Cu K𝛼1 radiation with 

the wavelength λ = 1.54056 Å. The x-ray tube was in point focus. The double-axis configuration 

utilized a Ge (2 2 0) four-bounce monochromator and open detector. The high-resolution XRD 

measurements were taken with triple-axis geometry using the Ge (2 2 0) monochromator and three-

bounce Ge analyzer crystal. RSM images were recorded in both double-axis and triple-axis 

configurations as consecutive 𝜔–2𝜃 scans, each of which was separated by an incremental 𝜔 

offset  [110]. 

Conventional TEM or STEM (TEM/STEM) samples were prepared by mechanical 

polishing, followed by ion milling. The thickness of the TEM/STEM samples was around 180 nm. 
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All of the conventional TEM work was performed using a JEOL 2000FX TEM that operated at 

200 kV and all the STEM images were recorded using a probe-corrected FEI Titan G2 60-300kV 

S/TEM at 200 kV.  

 

4.3 Strain relaxation of AlGaN on {1122}GaN 

4.3.1. RSM of FACELO 

The stress relaxation of the FACELO AlGaN was characterized via high-resolution XRD. 

Figure 4-5 (a) and (b) present RSM images around the symmetric (002) GaN reflection, with the 

in-plane projection of the x-ray beam aligned in the [1 100] direction (i.e., parallel to the stripe 

pattern) and [1120] direction (i.e., perpendicular to the stripe pattern) of the GaN, respectively. Qx 

and Qy refer to the in-plane and out-of-plane reciprocal space coordinates, respectively  [127]. 

Peak broadening along the arc for both the AlGaN and GaN layers was observed for the in-plane 

projection of the incident beam in the [1120]  direction. The bowing of the sample in the [1 100]  

direction is relatively flat whereas the sample has a curvature radius of 5 m in the [1120] direction, 

which may have resulted in the peak broadening observed in Figure 4-5 (b). Two AlGaN peaks 

with Al contents of 15% and 26% can be observed on both the symmetric and asymmetric RSM 

images; these peaks originate from different Al compositions of vertically and laterally grown 

AlGaN during FACELO. The RSM results show that both AlGaN peaks are fully relaxed. The 

composition determined via XRD matches the PL. PL measures only one composition of 25% (due 

to its depth of penetration is around hundreds of nanometers) and thus only the composition of the 

planarized film (vertically grown region) in the FACELO AlGaN. XRD, however, can measure 
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the compositions of both the vertically and laterally grown AlGaN regions (due to its depth of 

penetration is greater than 10 𝜇m)  [111,112]. 

 

Figure 4-5: Symmetric (002) RSM images of AlGaN sample with in-plane projection of x-ray 

beam aligned in the (a) [1 100]  direction and (b) [1120] direction of the GaN; and (c) 

asymmetric (105) RSM image of AlGaN sample. 

4.3.2. TEM/STEM of FACELO AlGaN 

In this study, both conventional TEM and STEM were utilized to determine the type and 

density of dislocations that were present in the FACELO AlGaN samples, respectively. Although 

TEM and STEM are similar, in TEM, parallel electron beams are focused perpendicular to the 

sample surface, whereas in STEM, electrons beams are focused at a large angle and converged 

into a focal point. The transmitted signal is then collected as a function of the beam’s position as 

it scans across the sample in a raster pattern  [79].  
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When electrons travel through the thin TEM foil, multiple diffractions take place because 

the wavelength of the electrons (2.5 pm at 200 kV) is orders of magnitude shorter than the 

interplanar spacing (in the order of Å) of a crystal. Such a short wavelength gives rise to a large 

Ewald sphere in the reciprocal space, which allows multiple diffractions. Dislocations in the 

specimen are observed as dark/bright lines in bright/dark field images. The contrast of a dislocation 

in TEM images originates from lattice distortion that is induced by the strain field of a dislocation 

core, in comparison to an unstrained area  [79].   

Bright-field STEM was utilized in this study to obtain clear and high-contrast images of 

the dislocations in order to determine the TDD of the FACELO AlGaN. Figure 4-6 presents the 

1100   cross-section of the FACELO AlGaN on inclined-facet GaN on a patterned 

GaN/sapphire template. As shown, dislocations under the SiO2 masks are blocked and cannot 

penetrate to the surface, and dislocations in the window region are bent towards the inclined facet 

of the ELO GaN to reduce the energy of the dislocations, which are commonly observed in ELO 

GaN  [62,145]. The TDD of ELO GaN in the window region is estimated to be around
95 10 cm-

2, which is a normal level of TDD in GaN grown under ordinary growth conditions. Because the 

TDD of the window region in the ELO GaN is the same as that in the underlying substrate, i.e., 

the GaN/sapphire template, this value also gives a reasonable TDD of the window region in ELO 

GaN on a patterned GaN/sapphire template.  

Horizontal dislocations (as indicated by the white arrows) are present in the ELO GaN, low 

Al content AlGaN, and high Al content AlGaN regions. Such horizontal dislocations were 

commonly found also in previous research about ELO GaN  [146–149]. Datta et al. identified 

horizontal dislocations as dislocation loops based on plan-view TEM images  [150]. According to 

Figure 4-6, MDs are present at the AlGaN/GaN interface (boundary A) and at the high Al content 



   

109 

 

AlGaN/low Al content AlGaN interface (boundary B), as indicated by the dark contrast in Figure 

4-6. However, because MDs should be present in the direction of the stripe (which is discussed in 

Section 4.3.3), the direct observation of MDs at interfaces requires better sample preparation and 

will be investigated in future work. The TDD is estimated to be
92 10 cm-2 in the upper AlGaN 

region. 

 

Figure 4-6: Bright-field STEM images of 1100   cross-section of FACELO AlGaN on 

inclined-facet GaN on patterned GaN/sapphire template. Horizontal dislocations are indicated by 

white arrows. TDD is estimated to be
92 10 cm-2 in the upper AlGaN region. 
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However, as the bright-field STEM image is taken on-zone, all dislocations are visible and, 

thus, the direction of the Burgers vector cannot be distinguished in this imaging mode. Therefore, 

conventional TEM with two different diffraction conditions (i.e., the so-called ‘two-beam 

condition’) were employed in this study to determine the direction of the Burgers vector. In general, 

the dislocation contrast can be described by the ‘invisibility criterion’, as demonstrated in Equation 

(4.11). 

 0b g =   (4.11) 

where b  and g  are the Burgers vector of the dislocation and diffraction vectors. The dislocation 

contrast disappears when the dot product of the Burgers vector and diffraction vector is zero.   

Figure 4-7 shows weak-beam dark-field TEM images of the 1100   cross-section of the 

FACELO AlGaN on inclined-facet GaN on a patterned GaN/sapphire template at 1120g =  and 

0001g =  diffraction conditions. The dark and bright bands are the thickness fringes, which are a 

consequence of dynamical affects  [79] in conventional TEM imaging and are not visible in STEM 

imaging, as illustrated in Figure 4-6. In Figure 4-7, the dislocations at the AlGaN/GaN interface 

are bright and dark when the diffraction conditions are 1120g =  and 0001g = , respectively. 

According to the invisibility criterion, the Burgers vector of the dislocations at the AlGaN/GaN 

interface was determined to be 1120   (a-type). 
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Figure 4-7: Weak-beam dark-field TEM images of 1100   cross-section of FACELO AlGaN 

on inclined-facet GaN on patterned GaN/sapphire template at (a) 1120g =  and (b) 0001g = . 

In order to examine whether or not reducing the pre-existing TDD in the underlying 

substrate would affect the TDD of the AlGaN in the upper region, bright-field STEM was 

conducted on FACELO AlGaN on inclined-facet GaN on a patterned native GaN substrate. Figure 

4-8 presents the bright-field STEM images. As shown, almost no TDs can be observed in the ELO 

GaN. This outcome is reasonable because the TDD in the underlying native GaN substrate is less 

than 103 cm-2. Dislocations also can be observed on boundaries A and B in this sample. Horizontal 

dislocations are present in the ELO GaN and AlGaN regions, but with a much lower density than 

in the previously discussed FACELO AlGaN on a patterned GaN/sapphire template. The TDD is 

estimated to be 
84 10 cm-2 in the upper AlGaN region, which is less than the TDD in the afore-

mentioned FACELO AlGaN on a patterned GaN/sapphire template. Therefore, reducing the TDD 

in the underlying substrate can effectively reduce the TDD of AlGaN in the upper region. 
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Figure 4-8: Bright-field STEM images of 1100   cross-section of FACELO AlGaN on 

inclined-facet GaN on patterned native GaN substrate. (b)-(d) are magnified images of white 

dashed rectangles in (a). TDD is estimated to be 
84 10 cm-2 in the upper AlGaN region. 

For the FACELO AlGaN on inclined-facet GaN on a patterned native GaN substrate, 

because almost no pre-existing TDs are present in the ELO GaN region, the MDs at the 

AlGaN/GaN interface should be generated via nucleation of the dislocation half-loops at the 

surface and then they should glide towards the AlGaN/GaN interface via a 1/ 3 1120 (0001) 

slip system (as discussed in Chapter 1). As a result, each MD segment should be accompanied by 

two TDs that will thread upward to the growth surface, i.e., the {1122}plane, prior to coalescence. 

Figure 4-9 schematically presents the anticipated distribution of TDs in the 1100   cross-
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section of FACELO AlGaN on inclined-facet GaN on a patterned native GaN substrate. As shown, 

the TDs that originate from MDs thread to the {1122} plane during growth and merge at the 

coalescence boundaries where TDs with opposite Burgers vectors may be annihilated each other 

if they are close. However, Figure 4-8 shows that almost no MD threading arms are present at the 

AlGaN/GaN interface in the diamond-shaped region (low-Al content AlGaN region). This finding 

may be due to the possibilities that the cross-section shown in Figure 4-8 happens to be in the 

middle of the MDs, and therefore, the threading arms that are far away from this cross-section 

location are not visible, or that the MDs glide via a 1/ 3 1123 {1122}   instead of a 

1/ 3 1120 (0001)  slip system (which is discussed in Section 4.3.3). In future, STEM with more 

cross-section locations of FACELO AlGaN on inclined-facet GaN on a patterned native GaN 

substrate will be conducted to confirm the presence of threading arms in the diamond-shaped 

region. Plan-view STEM and 1120   cross-sectional STEM also help to confirm the presence 

of threading arms in the diamond-shaped region.  

 

Figure 4-9: Schematic diagram of anticipated distribution of TDs in FACELO AlGaN on 

inclined-facet GaN on patterned native GaN substrate. Dark blue lines represent TDs that 

originate from MDs at AlGaN/GaN interface. 
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4.3.3. Perpendicular cracks inside FACELO AlGaN 

Figure 4-10 shows an optical microscope image of FACELO AlGaN on inclined-facet GaN 

on a patterned GaN substrate with the optical lens focused on the inside epilayer. As shown, 

unexpected lines that are perpendicular to the stripes (hereafter called ‘perpendicular lines’) are 

present. These lines are commonly observed in all FACELO AlGaN samples that are grown on 

inclined-facet GaN on both stripe-patterned native GaN substrates and stripe-patterned 

GaN/sapphire templates when the optical lens is focused into the epilayer instead of on the surface.  

 

Figure 4-10: Optical microscope image of FACELO AlGaN with optical lens focused on inside 

epilayer. 

A 1120   cross-section (i.e., the cross-section that is parallel to the stripes) of FACELO 

AlGaN on inclined-facet GaN on a patterned GaN/sapphire template was used to investigate these 

perpendicular lines. Figure 4-11 presents this cross-sectional SEM image of the sample, with the 

stripe directions indicated. As shown, cracks inside the sample can be observed, with the bottom 

of the cracks propagating towards the SiO2 mask, which means that the cracks have propagated to 
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the GaN region. Nevertheless, the surface of the FACELO AlGaN is crack-free. Therefore, the 

perpendicular lines in the optical microscope image correspond to ‘perpendicular’ cracks inside 

the FACELO AlGaN sample. A similar phenomenon was reported by Lee et al.  [151] who 

conducted AlGaN growth on a trenched GaN/sapphire template. 

 

Figure 4-11: 1120   cross-section of FACELO AlGaN on inclined-facet GaN on patterned 

GaN/sapphire template. White solid line represents SiO2 mask layer. White dashed line 

represents the interface between GaN and (0001) plane sapphire. 

The average crack spacing for FACELO AlGaN on inclined-facet GaN on a patterned 

native GaN substrate and patterned GaN/sapphire template is 38 𝜇m and 25 𝜇m, respectively. 

Table 3-3 shows that the radii of the curvatures of FACELO AlGaN on inclined-facet GaN on a 

patterned native GaN substrate and on a patterned GaN/sapphire template are 20 m and 5 m, 

respectively. The relationship between the crack spacing and radius of the curvature indicates that 

wafer bowing will increase the perpendicular cracking density, which is consistent with results 

obtained by Allerman et al.  [67]. 
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In order to investigate the origin of these perpendicular cracks in this study, FACELO 

AlGaN was grown on inclined-facet GaN on a GaN/sapphire template for two different growth 

times: 6 minutes and 15 minutes. Figure 4-12 presents optical microscope images of the two 

FACELO AlGaN samples. As shown, when AlGaN is grown on inclined-facet GaN for 6 minutes, 

no cracking is evident. However, when AlGaN is grown on inclined-facet GaN for 15 minutes, 

perpendicular cracks are present.  

 

Figure 4-12: Optical microscope images of FACELO AlGaN grown on inclined-facet GaN on 

patterned GaN/sapphire template for (a) 6 minutes and (b) 15 minutes. 

Figure 4-13 presents cross-sectional and plan-view SEM images of these two samples. As 

the AlGaN is grown for 6 minutes and 15 minutes, the thickness of the AlGaN on {1122}  GaN 

becomes 210 nm and 440 nm, respectively. Therefore, combining the experimental results 

presented in Figure 4-12 and Figure 4-13, the conclusion drawn is that perpendicular cracks (one-

dimensional cracks) emerge when the thickness of AlGaN on {1122}  GaN exceeds a certain value 

and then propagates to the GaN layer.  
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Figure 4-13: SEM images of FACELO AlGaN with different growth times: (a), (c), and (e) are 6 

minutes and (b), (d), and (f) are 15 minutes. (a) and (b) are 1100   cross-sectional SEM 

images; (c) and (d) are 1120   cross-sectional SEM images; and (e) and (f) are plan-view 

SEM images.   

Various researchers have reported the propagation of cracks from AlGaN to 

GaN  [15,17,152–154]. For example, Einfeldt et al.  [15] proposed that the propagation of cracks 

in an AlGaN/GaN heterostructure is related to energy balance. That is, the strain energy that is 

relieved by the propagation of cracks to the GaN layer is greater than the surface energy of the two 

facets that are created by the cracks. As shown in Figure 4-14, Bethoux et al.  [17] explained that 
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cracks appear once the thickness of the AlGaN exceeds the critical thickness for cracking when 

AlGaN is grown on (0001) GaN. In their work, MDs nucleated at the crack edges and induced 

contraction of the AlGaN stripes between two neighboring cracks, which resulted in the significant 

opening of cracks. Tensile stress thereby appeared in the GaN film under the crack aperture, which 

finally led to the propagation of cracks to the GaN layer  [17].  

 

Figure 4-14: Schematic diagram of crack propagation: (a) coherent growth occurs below critical 

thickness threshold for cracking; (b) cracks and MDs appear at AlGaN/GaN interface; (c) 

dislocation-induced relaxation enlarges the crack aperture; and (d) cracks propagate to GaN 

layer  [17]. 

 In this study, because FACELO AlGaN was grown under laterally-enhanced growth 

conditions, cracks on the growth surface were buried as the AlGaN growth continued and thus did 

not propagate to the surface. As a result, the surface of the FACELO AlGaN was crack-free. 

Consequently, cracks were present only inside the epilayer.  
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Compared to two-dimensional cracking in AlGaN grown on (0001) GaN (as shown in 

Figure 1-2), one-dimensional cracking in a FACELO AlGaN sample means that bi-axial strain 

along one direction on AlGaN/GaN interface was relieved via MDs whereas along the other 

direction on AlGaN/GaN interface was relieved via cracking. Figure 4-15 presents a schematic 

diagram of the possible distribution of MDs at the AlGaN/{1122}GaN interface. The MDs may 

possibly be one-dimensional at the AlGaN/GaN interface in the stripe direction. Because it is the 

in-plane edge component of Burgers vector that relieves strain  [19]. And as demonstrated in 

Figure 4-7, the MDs at AlGaN/GaN interface have a-type Burgers vector. Thereby, on the 

interfacial plane, in the direction that is perpendicular to the MD lines, strain is relaxed via the 

MDs. However, in the direction that is parallel to the MD lines, the strain is not relaxed via MDs. 

As a result, cracks emerge to relieve the strain in this direction, which results in the one-

dimensional cracking that is perpendicular to the stripe direction in the optical microscope images 

and SEM images.   
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Figure 4-15: Schematic diagram to show strain relieved by both MDs and cracking. Red lines 

represent MDs. One-dimensional MDs are in the [1 100] direction (i.e., parallel to the stripe 

direction) and relieve strain in the [1123] direction. One-dimensional cracks are in the [1123]

direction (i.e., perpendicular to the stripe direction) and relieve strain in the [1 100] direction.    

In this study, the formation of MDs is considered based on two possible scenarios. For the 

first scenario, the interface of the AlGaN and GaN is a {1122}plane; therefore, the in-plane stress 

should be on the {1122}plane. In this case, a 1/ 3 1120 (0001)  slip system is preferred for MD 

glide due to its large resolved shear stress and the smallest Peierls energy barrier  [13,19], as shown 

in Figure 4-16 (a).  For the second scenario, although AlGaN is grown simultaneously on both 

(0001) and {1122} GaN, the AlGaN growth is overall c-direction growth on the (0001) plane. 

Therefore, the in-plane stress is on the (0001) GaN and the resolved shear stress is on the {1122}

plane. As a result, the 1/ 3 1123 {1122}   slip system accounts for the glide of the MDs on the 

{1122}plane, as shown in Figure 4-16 (b). Because the MDs are parallel to the intersection of the 
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slip plane and interfacial plane  [19,72], both scenarios can result in MDs in the 1 100 GaN 

direction (i.e., stripe direction), which is consistent with the possible distribution of MDs shown 

in Figure 4-15.  

 

Figure 4-16: Schematic diagram of glide of MDs on (a) (0001) plane and (b) {1122}plane. Red 

lines represent dislocation half-loops. 

4.4. FACELO AlGaN on GaN on hexagon-patterned substrates 

Because MDs are one-dimensional for AlGaN on {1122} GaN, the strain in only one 

direction is relaxed via MDs and the strain in the other direction is relaxed by one-dimensional 

cracking. Although the FACELO AlGaN surface is crack-free, these one-dimensional cracks that 

are inside the epilayer may have negative impacts on the performance of a device that is on the 

surface. To circumvent this problem, FACELO AlGaN was grown on pyramidal GaN on a 

hexagon-patterned (two-dimensional) GaN/sapphire template. In this way, the MDs are nucleated 

on the six inclined facets of the pyramidal GaN island to relieve strain biaxially. Figure 4-17 (a) 

presents a schematic diagram of such a hexagon-patterned template. The shaded hexagons 
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represent the window regions (i.e., without SiO2 masks), whereas the other areas are SiO2 mask 

regions. The width of the window regions and the spacing between two window regions are each 

designed to be 2 𝜇m. Figure 4-17 (b) presents an AFM height scan of the as-received hexagon-

patterned template. The AFM height scan demonstrates that the as-received hexagon-patterned 

template satisfies the design requirement indicated in Figure 4-17 (a). With this design of a 

hexagon-patterned template, when GaN is grown in the window region, six {1122} facets are 

expected to be present and, as growth continues, these six {1122}facets will coalesce, as indicated 

by the yellow hexagons in Figure 4-17 (a).  

 

Figure 4-17: (a) Schematic diagram of a hexagon-patterned template; the a-plane and m-plane of 

GaN are indicated. Yellow hexagons represent anticipated ELO pyramidal GaN islands as 

growth continues. (b) AFM height scan of as-received hexagon-patterned template.  
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ELO GaN was grown on hexagon-patterned GaN/sapphire templates using the growth 

conditions presented in Table 4-3. Figure 4-18 presents SEM images of this sample. As shown, 

pyramidal GaN islands with six inclined facets were formed; the thickness of the ELO GaN is 7.13 

𝜇m. Figure 4-19 (a) presents a plan-view SEM image of the ELO GaN on the hexagon-patterned 

GaN/sapphire template. The shape of the ELO GaN islands is indicated by yellow hexagons. 

Interestingly, the ELO GaN islands do not have six {1122}facets that are expected in Figure 4-17 

(a). Instead, the ELO GaN islands have six {110 }n  facets and coalesce, as demonstrated in Figure 

4-19 (b). The angle of the inclined facet and basal plane shown in Figure 4-18 (b) was measured 

by SEM to be 61.6° and, therefore, the inclined facets of the pyramidal GaN islands in this ELO 

GaN sample grown on a hexagon-patterned GaN/sapphire template were determined to belong to 

the {1101} family, according to Table 1-2 (in Chapter 1).  

Table 4-3: Growth parameters for ELO GaN on hexagon-patterned GaN/sapphire template. 

Parameter Value 

Temperature 900°C 

Total pressure 80 Torr 

Total flow rate 7.5 slm 

Diluent gas H2 

TEG flow rate 132 μmol/min 

Growth time 80 min 

NH3 flow rate 1.5 slm 
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Figure 4-18: (a) Bird’s-eye view and (b) cross-sectional SEM image of ELO GaN grown on 

hexagon-patterned GaN/sapphire template.  

 

Figure 4-19: (a) Plan-view SEM image of ELO GaN grown on hexagon-patterned GaN/sapphire 

template and (b) schematic diagram of actual pyramidal GaN islands as growth continues. In 

both images, yellow hexagons represent the shape of pyramidal GaN islands.  
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Therefore, even though ELO GaN islands grown on a hexagon-patterned GaN/sapphire 

template have six {1122}facets in the initial stages of growth, as the growth continues, these facets 

do not continue to appear. Instead, they gradually grow out of existence and slow-grown facets, 

i.e., the{1101} facets, take their place  [155–157]. In the end, ELO GaN islands on hexagon-

patterned GaN are bounded by six {1101} facets  [158].  

AlGaN was then grown on these ELO GaN islands using the growth conditions presented 

in Table 4-4. Figure 4-20 presents a bird’s-eye view and cross-sectional SEM image of this AlGaN 

sample. As shown, the AlGaN surface has coalesced, but the surface is not smooth. AFM images 

show that the RMS roughness for areas of 10 10  𝜇m2 and 3 3  𝜇m2 are 20.7 nm and 9.8 nm, 

respectively. Therefore, future research is required to improve the surface smoothness of FACELO 

AlGaN on pyramidal GaN islands.  

Table 4-4: Growth parameters for FACELO AlGaN on ELO GaN islands. 

  

 

 

 

 

 

 

Parameters Value 

Temperature 1200°C 

Total pressure 20 Torr 

Total flow rate 11 slm 

Diluent gas H2 

TEG flow rate 132 μmol/min 

TMA flow rate 39 μmol/min 

NH3 flow rate 6 slm 

Growth time 1.5 hr 
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Figure 4-20: (a) Bird’s-eye view and (b) cross-sectional SEM image of FACELO AlGaN on 

pyramidal GaN islands.  

Figure 4-21 presents optical microscope images of FACELO AlGaN on pyramidal GaN 

islands. Figure 4-21 (a) indicates no cracking when the optical lens is focused on the surface and 

Figure 4-21 (b) likewise shows no cracks inside the epilayer. Therefore, by utilizing a hexagon-

patterned template, the one-dimensional cracking that is present in FACELO AlGaN on a stripe-

patterned template can be avoided, which means that biaxial strain relaxation via MDs in FACELO 

AlGaN on hexagon-patterned templates is possible.  

 

Figure 4-21: Optical microscope images of FACELO AlGaN on pyramidal GaN islands with 

optical lens focused (a) on the surface and (b) inside the epilayer. 
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Figure 4-22 shows RSM images with around (002) and (105) GaN reflections of FACELO 

AlGaN on a hexagon-patterned GaN/sapphire template. As shown, peak broadening along the arc 

for both the AlGaN and GaN layers can be observed and may be due to wafer bowing. A single 

AlGaN peak with the AlN mole fraction of 21% is observed. These RSM results indicate that the 

AlGaN is fully relaxed. The SEM images (Figure 4-20) and optical microscope images (Figure 4-

21) confirm that no cracks were evident on the surface or in the epilayer of AlGaN on a hexagon-

patterned GaN/sapphire template. The RSM results also demonstrate that AlGaN on hexagon-

patterned GaN/sapphire is fully relaxed. Therefore, MDs can be generated at the AlGaN/GaN 

interface on hexagonal pyramidal GaN islands and can biaxially relax the tensile strain of AlGaN 

due to their two-dimensional distribution.      

 

Figure 4-22: (a) (002) and (b) (105) reflection RSM images of FACELO AlGaN on pyramidal 

GaN islands on a hexagon-patterned GaN/sapphire template.  

4.5. Conclusions 

In summary, theoretical strain analysis of AlGaN/ {1122}  GaN was conducted in this study. 

Misfit strain was found to be the major source of strain. The RSM results indicate that FACELO 
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AlGaN on a stripe-patterned native GaN substrate was fully relaxed. The presence of MDs at the 

AlGaN/{1122} GaN interface was confirmed by TEM. One-dimensional cracks instead of two-

dimensional cracks were found to be present inside the epilayer via optical microscope and cross-

sectional SEM images, indicating strain in one direction was relieved via MDs whereas in another 

orthogonal direction was relieved via cracks. Nevertheless, the surface of FACELO AlGaN was 

crack-free because cracks were buried by laterally enhanced growth condition during FACELO. It 

is proposed that MDs were present only parallel to the 1100   direction, therefore, strain 

relaxation via MDs occurred only in the 1123   direction. Tensile strain in the 1100   

direction was relieved by cracking, which led to one-dimensional cracking perpendicular to the 

1100   direction (i.e., the stripe direction). Moreover, a proposed hexagon pattern was 

investigated to achieve biaxial strain relaxation via two-dimensionally distributed MDs, and 

FACELO AlGaN with a coalesced surface on a hexagon-patterned GaN/sapphire template was 

achieved. Optical microscope images show no cracking either on the surface or inside epilayer. 

RSM shows that AlGaN on pyramidal GaN islands on a hexagon-patterned GaN/sapphire template 

was fully relaxed. Therefore, the generation of two-dimensionally distributed MDs may be able to 

relieve tensile strain in AlGaN when AlGaN is grown on pyramidal GaN islands on a hexagon-

patterned GaN/sapphire template.   
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 Chapter 5: Conclusion and future work 

5.1. Conclusion 

Ga-rich AlGaN on GaN is important for the development of AlGaN-based optoelectronics 

such as UVA LDs. However, tensile strain in AlGaN results in cracking in the AlGaN layers due 

to the absence of easily activated slip system. Therefore, it is important to manage this strain to 

achieve crack-free Ga-rich AlGaN on GaN. In this dissertation, FACELO AlGaN and GaN were 

investigated to develop a strain relaxation scheme to achieve high-quality, thick, low TDD, and 

crack-free AlGaN on (0001) GaN. This dissertation addressed the material science of FACELO 

AlGaN on GaN, which was lacking in current literature. The investigation focused on determining 

and understanding the growth parameters that influences the shape of ELO GaN and the 

coalescence of FACELO AlGaN with the requirement of relaxation on a stripe-patterned substrate. 

The results of this dissertation will be useful for the achievement of crack-free AlGaN on GaN, 

which can be used as template for Ga-rich AlGaN based optoelectronics.  

In Chapter 1, the challenges brought by the limited relaxation mechanisms in hexagonal 

structured materials and the advantages brought by FACELO AlGaN on inclined facet GaN were 

discussed. This technique has been used by several groups to develop UVA LDs. Table 5-1 

summarizes these efforts as well as the corresponding significant contribution. Although the 

achievements of electrically-pumped and optically-pumped LDs based on FACELO were reported, 

to the best of our knowledge, follow-up publications or reports are absent. This may suggest that 

these reports were not easily reproduced, emphasizing the need for follow up material science 

investigations to understand the relaxation mechanisms that would provide for robust relaxation 

procedures. Therefore, the importance of this work is that it investigated the mechanism that 

controls facet formation of ELO GaN, coalescence of FACELO AlGaN on facetted GaN, and the 
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mechanisms of strain relaxation in FACELO AlGaN. With these being established, a high-quality, 

thick, low TDD, and crack-free AlGaN on (0001) GaN was achieved serving as the template for 

AlGaN-based optoelectronics with reproducible performance. 

Table 5-1: Development of UVA LD based on FACELO AlGaN by various research groups. 

Institution (Country) Author, latest publication Main contribution 

Hamamatsu Photonics 

(Japan) 
Aoki et al., 2015 [73] 

Electrically-pumped UVA 

LD (350 nm) on native GaN 

Sandia National 

Laboratories 

(U.S.A.) 

Crawford et al., 2015 [10] 

Electrically-pumped UVA 

LD (353 nm) on 

GaN/sapphire 

Electronics and 

Telecommunications 

Research Institute 

(Korea) 

Ko et al., 2016 [74] 
Optically-pumped UVA LD 

(355 nm) on GaN/sapphire 

 

In Chapter 2, the facet formation of ELO GaN islands is shown to be controlled by the Ga 

vapor supersaturation. At high Ga supersaturations, {1122}  facets are favored and form a 

triangular shape; at low Ga vapor supersaturations, {1120}  facets are favored and form a 

rectangular shape. Similar shapes of ELO GaN islands can be achieved with similar Ga vapor 

supersaturation levels, even via different process ‘knobs’ such as temperature and gas flow. The 

mechanism that underlies facet formation is proposed to be the result of the minimization of the 

surface energy that is dependent on Ga vapor supersaturation and is due to specific surface 

reconstructions. At high supersaturations, {1122}  facets have low surface energy, resulting in a 

triangular shape, and at low supersaturations, {1122}  facets have high surface energy, resulting in 

a rectangular shape, with a transitional truncated shape at intermediate supersaturations. The 
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proposed facet formation mechanism should be useful for future research to achieve crack-free 

AlGaN on faceted GaN. 

In Chapter 3, low Ga (Al) vapor supersaturation and high NH3 partial pressure are shown 

to increase the L/V ratio and thereby enhance lateral growth. Specifically, growth conditions that 

include high NH3 partial pressure are more effective in increasing the L/V ratio than growth 

conditions with low vapor supersaturation. The EDS mapping results demonstrate that spatial 

variations of compositions occur for AlGaN grown via FACELO. Optimized growth conditions 

were developed to achieve thick, crack-free, pit-free, and coalesced AlGaN film with a clean 

surface. The surface of the resultant FACELO AlGaN is locally smooth and has RMS roughness 

values of 1.0 nm and 0.2 nm for 10×10 𝜇m2 and 3×3 𝜇m2 areas, respectively. The distribution of 

etched pits caused by molten KOH on a FACELO AlGaN surface indicates that TDs converge to 

the coalescence boundaries.   

Chapter 4 describes the theoretical strain analysis of AlGaN/ {1122}  GaN was conducted 

in this study. Misfit strain was found to be the major source of strain. The RSM results indicate 

that FACELO AlGaN on a stripe-patterned native GaN substrate was fully relaxed. The presence 

of MDs at the AlGaN/{1122}  GaN interface was confirmed by TEM. One-dimensional cracks 

instead two-dimensional cracks were found to be present inside the epilayer via optical microscope 

and cross-sectional SEM images, indicating strain in one direction was relieved via MDs whereas 

in another orthogonal direction was relieved via cracks. Nevertheless, the surface of FACELO 

AlGaN was crack-free as cracks were buried by laterally enhanced growth condition during 

FACELO. It is proposed that MDs were present only parallel to the 1100   direction, therefore, 

strain relaxation via MDs occurred only in the 1123   direction. Tensile strain in the 1100   

direction was relieved by cracking, which led to one-dimensional cracking perpendicular to the 
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1100   direction (i.e., the stripe direction). Moreover, a proposed hexagon pattern was 

investigated to achieve biaxial strain relaxation via two-dimensionally distributed MDs, and 

FACELO AlGaN with a coalesced surface on a hexagon-patterned GaN/sapphire template was 

achieved. Optical microscope images show no cracking either on the surface or inside epilayer. 

RSM shows that AlGaN on pyramidal GaN islands on a hexagon-patterned GaN/sapphire template 

was fully relaxed. Therefore, the generation of two-dimensionally distributed MDs may be able to 

relieve tensile strain in AlGaN when AlGaN is grown on pyramidal GaN islands on a hexagon-

patterned GaN/sapphire template.  

 

5.2. Future work 

5.2.1. Quantitative model of ELO GaN 

In Chapter 2, a qualitative model for supersaturation and surface energy is proposed to 

explain the facet formation mechanism that underlies ELO GaN. However, a quantitative model 

is still lacking.  

According to Marchand et al.  [85], and as shown in Figure 5-1, by decreasing the fill factor, 

the shape of the ELO GaN island transitions from a rectangle to a truncated shape, and inclined

{1122} facets appear.  
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Figure 5-1: SEM images of cross-sectional shapes of ELO GaN islands grown at different fill 

factors (left column 0.05 and right column 0.25) and growth temperatures. SiO2 stripe direction 

is in 1100 direction of GaN. For all samples, the width of the window region and growth time 

are 5 𝜇m and 15 min, respectively. Scale bar is 5 𝜇m. 

Coltrin et al.  [159] developed a model to show that Ga species on mask region will migrate 

to window region. Therefore, decreasing fill factor results in increasing local Ga partial pressure 

at the window region. Based on the conclusion from Chapter 2, increasing the local Ga vapor 

supersaturation favors the formation of {1122} facets. In the future, ELO GaN will be conducted 

on patterned templates with different fill factors. The results of the shape of ELO GaN islands will 

be investigated. Next, a quantitative model will be developed to relate the fill factor and local 

supersaturation at the window region to explain the influence of different fill factors on the facet 

formation. 
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5.2.2. Improving growth conditions for FACELO AlGaN 

Chapter 3 provides evidence that optimized growth conditions can give rise to locally 

smooth, thick, crack-free AlGaN with a clean surface. However, a diamond-shaped region 

appeared due to the different Al contents of the AlGaN grown on the (0001) and {1122}  facets 

and introduced misfit strain at the interface of the high Al-content AlGaN and low Al-content 

AlGaN. MDs were generated at this unexpected interface and were accompanied by TDs at the 

ends of the MDs, which increased the TDD in the coalesced AlGaN region. This phenomenon 

would have a negative impact on the performance of a device on FACELO AlGaN. Future research 

is required to get rid of this diamond-shape region.  

Furthermore, a MD management scheme should be utilized to achieve the necessary 

amount of strain relaxation while reducing TDD. Xie et al.  [160] reported that the TDD of GeSi 

with compositionally gradient layer on (100) Si substrate was 2 orders of magnitude lower than 

TDD of GeSi layer that was not compositionally graded and with the same final Ge content on 

(100) Si substrate. Wang et al. [161] reported that by inserting AlN/AlGaN superlattices into 

AlGaN/sapphire, the TDD in AlGaN was reduced by 2 orders of magnitude. Therefore, 

compositionally gradient layer or superlattice will be employed in this research to further reduce 

TDD as well. 

  

5.2.3. Direct observation of MDs at AlGaN/GaN interface 

In Chapter 4, the presence of MDs at the AlGaN/GaN interface is confirmed by the dark 

contrast at the AlGaN/GaN interface. However, due to the fact that MDs are present in the stripe 

direction, demonstrating MDs directly is a difficult task. In the future, better sample preparation 

will be required to demonstrate MDs at the AlGaN/GaN interface directly. In addition, more cross-
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sectional and plan-view TEM images are needed to determine the slip system of MDs and 

generation mechanism of MDs. 
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Appendix A: Procedures for fabrication of SiO2 patterned GaN template 

 

Step no. Step name Tool Recipe Comment

1 wafer start W/S 2inch GaN-on-Sapphire or 2/1inch Ammono wafer GaN-on-Sapphire TK 430±25µm

2 SiO2 deposition PECVD - SMiF 2min deposit, 250⁰C, 31nm/min deposit rate NNF do not have PECVD tool

2nd option SiO2 deposition PECVD - CHANL 2min deposit, 250⁰C, 31nm/min deposit rate CHANL is cleanroom at UNC Chapel Hill

3 vapor prime Spinner HMDS 4K RPM

4 resist costing Spinner AZ5510 negative  4K RPM

5 soft bake Hot plate 90⁰C 60sec

6 Photo Stepper

recipe: GAN1IN for 1inch, GAN2018 pass#2 for 

2inch size, 0.51sec for 2um stripe mask(5x, step 

size: 5.02mm x 5.02mm), or 0.30sec for hexagonal 

pattern mask(5x, x 5.020mm, y 5.0228mm)

wafer primary flat at top size (180⁰ rotation) to 

get stripe pattern perdendicular to primary flat

7
post exposure 

bake
Hot plate 115⁰C 2min 30sec

8 Develop Developer Fresh MF319 90sec

9 Descum RIE1 - SMiF 500mT, 80W RIE, 95sccm O2, 20sec DC=-6V

2nd option Descum Oxford 80 - NNF 80mT, 80W RIE, 10sccm O2, 30sec

10 SiO2 etch RIE1 - SMiF 150mT, 100W RIE, CF4/O2=45/5sccm, 150sec 48.7nm/min, DC=-37V

2nd option SiO2 etch Oxford 80 - NNF 150mT, 100W RIE, CF4/O2=45/5sccm, 5mins 22.2nm/min, DC=-177V

11 Resist strip Solvent - SMiF 1165 75⁰C 10min, sonication 15sec

2nd option Resist strip Solvent - NNF NMP 15min sonication still have resist residue

12 Residue remove Wet hood SPM clean 10min SPM: H2SO4+H2O2 mixed

13 Optical Inspection Microscope Check SiO2 pattern with CD measurement

14 Finish Package Packed with Al foil


