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Abstract 

  

Study on Heteroepitaxial Growth of 

GaN Layer using α-Al2O3 

Nanostructure 

 

Daeyoung Moon 

Department of Materials and Science and Engineering 

College of Engineering 

Seoul National University 

 

In this work, we focus on the growth of GaN and related III-nitride alloys 

using cavity engineered sapphire substrate (CES). Large mismatches in 

lattice constant and thermal expansion coefficient between GaN layer and 

sapphire substrate causes severe problems in the fabrication of high 

efficiency optoelectronic devices such as light emitting diodes (LEDs) or 

laser diodes (LDs). Wafer bow is one of issues in LED industry which 

hampers the mass production of LEDs using large-size sapphire wafers. 

Moreover, it also causes the crack in GaN layer during laser lift-off process 

for the fabrication of vertical LEDs. Wafer bow occurs after high temperature 

deposition, since the thermal expansion coefficient of the sapphire substrate 
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is much larger than that of GaN so that biaxial compressive stress is 

generated in GaN layer.  

To overcome this problem, we intentionally inserted the cavities within 

the GaN layer to relax the biaxial stress. Cavity structure was fabricated 

using a conventional photolithography process and atomic layer deposition 

(ALD). Photoresist (PR) pattern acts as the basic frame of cavity structure as 

well as a sacrificial layer. An amorphous Al2O3 layer deposited on PR pattern 

by ALD acts as the shell of cavity. The amorphous Al2O3 layer was 

crystallized to α-phase Al2O3 which is the same crystal structure with 

sapphire substrate, allowing epitaxial growth of GaN. Then, GaN layer was 

successfully grown on CES. The reduction of compressive stress of GaN 

layer was examined by laser scanning technique and the stress decreases 

about 35% compared to the GaN layer on conventional sapphire substrate. 

CES fabrication method can be also applied to realize the compliant 

substrate. By controlling the number of ALD cycles, thickness of Al2O3 layer 

can be easily adjusted. We fabricated an ultra-thin (26 nm) Al2O3 membrane 

used as a compliant substrate for the growth of high quality GaN. The density 

of misfit dislocations per unit length at the interface between the GaN layer 

and the sapphire membrane was reduced by 28 % compared to GaN on the 

conventional sapphire substrate. Threading dislocation density in GaN on the 

sapphire membrane was measured to be 2.4 x 10
8
/cm

2
, which is lower than 

that for GaN on the conventional sapphire substrate (3.2 x 10
8
/cm

2
). XRD 

and micro-Raman results verifed that the residual stress in GaN on the 

sapphire membrane was as low as 0.02 GPa due to stress absorption by the 

ultra-thin compliant sapphire membrane. 
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Finally, we utilized the stripe pattern of Al2O3 membrane to realize 

linearly polarized emission from MQWs grown on c-plane GaN template. 

The in-plane stress anisotropy in GaN layer by using FSM stress 

measurement tool. This anisotropic stress in GaN layer results in the in-plane 

polarization anisotropy in photoluminescence emission for MQWs on the 

stripe sapphire membrane. The result of in-plane polarization anisotropy can 

be explained in terms of the valence band structure modification. The degree 

of polarization is determined and is as high as 0.75. 
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Chapter 1. Introduction 

 

1.1. History of III-nitride materials 

 

Since mid-1980s, III-nitride materials have emerged as a mainstream in 

the research field and industry of compound semiconductors. III-nitride 

materials, including gallium nitride (GaN), indium nitride (InN), aluminium 

nitride (AlN) and their alloys such as InGaN and AlGaN, have received an 

incredible amount of attention due to the realization of high brightness blue 

and green light emitting diodes (LEDs) and violet laser diodes (LDs). The 

improvement of crystal quality of GaN was achieved by the introduction of 

the AlN buffer layer prior to the growth of GaN epitaxial layer on the c-plane 

sapphire substrate by Akasaki et al.1 as well as the technical progress of 

growth equipment such as metalorganic chemical vapor deposition (MOCVD) 

and molecular beam epitaxy (MBE). The insertion of the AlN buffer layer 

grown at relatively low temperatures (~ 500 oC) led to the high crystalline 

quality GaN epitaxial layer with the specular surface morphological feature. 

The lack of p-type GaN was one of the remaining formidable obstacles and 

p-type GaN is essential to make an efficient optoelectronic device by p-n 

junction. Mg has been considered as the most appropriate p-type dopant in 

GaN, having its quite low activation energy of around 200 meV. However, 

the formation of Mg-H complexes, which is electrically inactive, makes 

impossible to accomplish p-type GaN. Amano et al. succeeded in the 

activation of the Mg acceptors from Mg-H complexes and the realization of 

p-type GaN by introducing a special treatment called a low energy electron 
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beam irradiation (LEEBI) for the first time.2 Nakamura et al. made progress 

in the industry of GaN-based optoelectronics by the development of high 

brightness blue, white LEDs and violet LD.3 He introduced a low 

temperature GaN buffer layer, which enables to improve the electrical and 

optical properties of GaN epitaxial layer, in a specially designed two-flow 

MOCVD system.4 Also, the thermal annealing method to dissociate Mg-H 

complexes and to active Mg dopants in p-type GaN was suggested and it was 

more effective in uniformly activating the Mg acceptors through the whole 

thickness than LEEBI treatment.5 Nowadays, the application of LEDs has 

been expanded with the development of technical progress. White LEDs are 

most promising candidate to general illumination device of next-generation 

in place of traditional incandescent and fluorescent lamps. In addition, the 

continuous demands for LEDs with low power consumption increase as 

emerging interests on environment and energy problems. 

 

 

1.2. General properties of III-nitride materials 

 

III-nitride materials including AlN, GaN, InN and their ternary, typically 

grown in the wurtzite structure, form a continuous and direct band-gap from 

0.7 eV (InN) to 6.2 eV (AlN), with GaN possessing a large band-gap of 3.4 

eV. So, this optical property of III-nitride materials makes to fabricate high 

efficient optoelectronic devices (LEDs, LDs) of which wavelength ranges 

from infrared (IR) to ultraviolet (UV) region, also covering visible light 

region.  Additionally, III-nitride materials have good thermal stability at high 
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temperature, large thermal conductivity, good chemical stability, high 

electron velocity and good mechanical strength. General properties of the III-

nitride materials are illustrated in Table 1.1 and Fig. 1.1. Therefore, their 

promising properties can be applicable not only for LEDs or LDs, but also for 

photodetector, solar cell, high electron mobility transistor (HEMT) and field 

effect transistor (FET).6 However, the improvement of III-nitride crystal 

quality, especially GaN, is still an issue due to difficulties in the growth, 

introducing lots of defects in the crystal. Sapphire substrate is the most 

widely used for the epitaxial growth of GaN layer, but large lattice mismatch 

between the GaN layer and the sapphire substrate (~13%) causes high 

threading dislocation density (TDD) in the GaN/sapphire interface which act 

as non-radiative recombination center.7,8 Therefore, the suppression of 

threading dislocation generation is essential to improve the crystal quality 

and the device performance.9,10 
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Figure 1.1 Schematic diagram of bandgap energies and lattice constants of 

various semiconductors at RT. 
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Table 1.1 General properties of GaN, AlN and InN semiconductors.6 

 

 

 

  

Properties GaN AlN InN 

Bandgap energy 

(eV at RT) 
3.39 6.2 0.7 

Lattice constant 

(Å) 

a=3.189 

c=5.185 

a=3.112 

c=4.982 

a=3.548 

c=5.760 

Thermal expansion 

coefficient(10-6/K) 

da/a =5.59 

dc/c =3.17 

da/a =5.27 

dc/c =4.15 

da/a = 

dc/c = 

Thermal 

conductivity(W/mK) 
130 200  

Index of refraction 2.4 2.15 2.9 

Dielectric constant(ε0) 9.5 8.5  

Electron effective 

mass(mo) 
0.20  0.11 

Melting point(℃) >2300 >2800 >1200 
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1.3. Compliant substrates for Heteroepitaxial Growth 

 

The term of compliant substrates refers to one of the most promising 

defect engineering approaches for the mismatched heteroepitaxial growth. 

Mismatched epitaxial layer may be grown ideally with free dislocation 

defects which degrade the device performance. Also, the lattice mismatch can 

be accommodated by elastic or plastic strain in a compliant layer.  

In 1986, Luryi et al. introduced a new approach, a nano-patterned Si 

substrate, for the compliant substrate.11 A narrow layer adjacent to the 

interface accommodate the strain energy in the epitaxial layer by limiting the 

strained zone as illustrated in Fig. 1.2. The rigid contact between the layer 

and the nano-patterned substrate is confined to seed pads of linear dimension 

2l. If the layer could freely slip with respect to the nano-patterned substrate, it 

is assumed that the initial epitaxial growth occurs on seed pads with no 

adhesion between the pads. Strain energy in the epitaxial layer is 

exponentially decaying dependence on the distance z from the seed pads. 

Therefore, the total strain energy per unit area of the layer will remain finite 

for any layer thickness exceeding the critical thickness, and for a sufficiently 

small pad size it will never exceed the threshold energy for the generation of 

dislocations. 

Mismatched heteroepitaxy on a planar thick substrate, the epitaxial layer 

accommodates most strain due to the lattice mismatch and it must be kept 

less than the critical thickness to avoid the dislocation generation. Lo et al. 

proposed to grow pseudomorphic layers thicker than the critical thickness 

using a thin compliant substrate.12 When the substrate is sufficiently thin or 

deformable, it will become strained by the growth of a lattice mismatched 
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epitaxial layer. The partition of strain energy between the epitaxial layer and 

its substrate leads to the reduction in the overall strain energy in the system. 

If the compliant substrate is sufficiently thin, the strain energy will never 

reach a level to generate misfit dislocations. In this case, the effective critical 

thickness goes infinite, resulting that a pseudomorphic layer of any thickness 

can be grown, as shown in Fig. 1.3.  

Lo et al. established the quantitative relationship between the substrate 

thickness and the maximum allowable pseudomorphic layer thickness. He 

supposed that no limit on the compliance of an epitaxial layer which is grown 

coherently on the compliant substrate with lattice mismatch strain f. f = (asub – 

aepi)/aepi is the lattice mismatch strain where asub and aepi are the lattice 

constants of the bulk substrate and epitaxial layer, respectively. If the 

bending stress is negligible, equivalent force balance in the system becomes 

 

�������� + �������� =  �              [1-1] 

 

where σepi and σsub are the in-plane stresses of the epitaxial layer and 

substrate, respectively, and hepi and hsub are their thicknesses. The strains in 

the substrate and the epitaxial layer will be opposite 

 

���� − ���� =  �                 [1-2] 

 

where εepi and εsub are the in-plane strains in the epitaxial layer and the 



8 

 

substrate, respectively. Neglecting the bending stresses, the strain energy per 

unit area in the system can be represented as 

 

� =
����

(�	
���)��������� +
����

(�	
���)
���������              [1-3] 

 

where Yepi and Ysub are the Young’s modulus and νepi and νsub are the Poisson 

ratios. Assumed that the substrate and epitaxial layer have approximately 

equal values for the Young’s modulus and Poisson’s ratio, the equation [1-3] 

is simplified 

 

� =
�

��	
��(
��������
���������)                  [1-4] 

 

If the strain energy exceeds the critical energy Ec, misfit dislocations will be 

generated. When the substrate is much thicker than the epitaxial layer in 

conventional structure, the critical thickness is expressed as 

 

�� =
��
���                      [1-5] 

 

where K is given by K=Y/(1-ν). If hepi is defined as the effective critical 



9 

 

thickness teff and E in Eq. [1-4] is equal to Ec, the dependence of teff on the 

substrate thickness hsub is given by 

 

�
��		 =

�
�� −

�
����                      [1-6] 

 

If the thickness of the substrate is thinner than the critical thickness (i.e., hsub 

< tc), then the value of the effective critical thickness cannot be found from 

Eq. [1-6]. In other words, the strain energy in Eq. [1-4] never reaches the 

critical strain energy. Therefore, thick pseudomorphic structures can be 

grown infinitely without misfit dislocations. Dependence the effective critical 

thickness on the substrate thickness is shown in Fig. 1.3. 
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Figure 1.2 Illustration of the discontinuous boundary between the Ge layer 

and the patterned Si substrate.
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Figure 1.3 Dependence of effective critical thickness on the substrate 

thickness.
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1.4. Epitaxial lateral overgrowth (ELO) 

 

Epitaxial lateral overgrowth (ELO) method has been used for the 

reduction of the dislocation density and the improvement of the material 

crystal quality. The basic idea of this ELO method is that the propagation 

threading dislocation can be blocked out by the patterned dielectric masks 

such as SiO2 or SiNx. Dislocation free region above the SiO2 mask in GaN 

layer is observed in TEM image, as shown in Fig. 1.4.13 First, planar GaN 

template is grown on substrates such as sapphire, Si or SiC, which is 

followed by the deposition of a dielectric mask by plasma enhanced chemical 

vapor deposition (PECVD). A pattern with parallel stripes is usually defined 

on the GaN template for the subsequent ELO by the standard 

photolithography process. Then, the GaN template with the dielectric stripe 

patterns is reloaded in the MOCVD chamber for the GaN regrowth on it. The 

separation between the dielectric stripes is commonly called “window” and 

during the GaN regrowth, epitaxial growth of GaN layer starts in the window 

regions. Schematic image in Fig. 1.4 shows the overgrown GaN layer 

extending laterally on the SiO2 mask. The vertical or lateral growth rate 

highly depends on the used growth condition, such as temperature, pressure 

and III/V ratio. Laterally grown regions above the mask are commonly called 

“wing” region, which is dislocation free area. When the overgrown GaN 

layers continue to be grown after enough regrowth time, they meet each other 

and get coalesced. A line of defects will be generated in the coalescence 

boundary. Though the defect density can be significantly reduced through the 

ELO method, they still remain at the window regions or coalescence 

boundary, as show in the panchromatic cathodoluminescence (CL) image 
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[Fig. 1.5] 14. A thorough review about this ELO growth technique could be 

found in ref 15. In c-plane GaN ELO case, the stripes of dielectric layers are 

usually aligned along the [11�00]GaN so that the laterally overgrown GaN 

wings expand along the [112�0]GaN. It has been demonstrated that when the 

stripe patterned masks are aligned along the [11�00]GaN, the ratio of lateral 

growth rate to vertical growth rate will be higher and the sidewall facet is 

easier to be controlled by the growth condition.16 In contrast, if the stripe 

patterned masks are aligned along the [112�0]GaN in which the lateral growth 

will extent to [11�00]GaN direction, the lateral overgrowth will be limited by a 

slow growth rate of (11�01) facet which is the most stable facet in GaN crystal 

structure and difficult to be eliminated.16 

Pendeoepitaxy (from the Latin: pendeo - to hang, or to be suspended) 

incorporates mechanisms of growth exploited by the conventional ELO 

process by using masks to prevent vertical propagation of threading defects 

and extends overgrown GaN by employing the substrate itself as a mask.17 

This pendeoepitaxy approach differs from conventional ELO method in 

which the growth of GaN does not start at the window region but initiates on 

the sidewalls etched into the GaN seed layer, as shown in Fig. 1.6. First, 

when lateral growth of GaN layer from the sidewalls expands, vertical GaN 

growth is followed to begin from the (0001) surface of the extending lateral 

growth layer. Subsequently, the vertical growth of GaN layer reaches at the 

top of the silicon nitride mask, and then GaN layer starts to laterally grow 

over the mask, utilizing the ELO method. After certain amount of growth 

time, pendeoepitaxial layers will result in coalescence, producing a 

continuous GaN layer. 
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Figure 1.4 ELO method and dislocation blocking by SiO2 mask.
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Figure 1.5 Panchromatic CL image of a GaN/ELO sample. Coalescence at 

the centers of the SiO2 stripes is completed.14 
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Figure 1.6 (a) Schematic diagram showing pendeoepitaxial growth of GaN 

from etched GaN seed (11�� 0) sidewalls. (b) Cross-sectional scanning 

electron micrograph of the GaN pendeoepitaxy.17 
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1.5. Formation of misfit dislocation in compliant substrate 

 

Dislocation is a crystallographic line defect, which is responsible for 

plastic distortion in the materials. This resulting distortion produces a stress 

field in the crystal around a dislocation. All dislocations can be characterized 

by two fundamental types: screw and edge dislocation. The two fundamental 

dislocation types are illustrated in Fig. 1.7. A dislocation is quantified by its 

Burger’s vector, b. The distortion around a dislocation indicates that a crystal 

containing a dislocation is not in its lowest energy state. The extra energy is 

the strain energy. The energy of a dislocation can be split into the dislocation 

core and elastic components18.  

 

������ = ����� + �������� ������           [1-7] 

 

For edge and screw dislocation, the elastic strain energy can be 

expressed as the energy required to displacement the surface element dA by 

the magnitude of the dislocation Burger’s vector, b, along the surface 

containing the largest displacement due to the dislocation. Fig. 1.7 also shows 

the plane containing the largest displacement due to the dislocation. In Fig. 

1.7(a), the displacement field is due to a screw dislocation, and the resulting 

stress field will act on the y plane, and in the z direction; we denote this stress 

as σyz. In Fig. 1.7(b), the displacement field is caused by an edge dislocation, 

and the resulting stress is denoted by σyx. The corresponding energies are  
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and the total strain energy per unit length of dislocation is 
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where G is the shear modulus and ν is Poisson’s ratio. For edge component, 

one entire plane has been pushed into the other planes above the glide plane. 

As a result, there is Poisson effect along length of line, which yields a (1-ν) 

in strain term. 

The equilibrium theory of misfit dislocation formation was developed by 

Matthews and Blakeslee.19 Fig. 1.8 shows the schematic features of the 

theory. The energy per unit film area of a thin film is the lowest when 

dislocation is not present. Film is coherent with the thick substrate and has 

strain energy per unit area given by 

 

������� = ����
   

(� <  ��)           [1-12] 
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where M is the biaxial elastic modulus of the film, h is the film thickness, and 

ε is the elastic strain. However, for the compliant substrate (Fig. 1.9), film has 

the strain energy per unit area given by 

 

������� = ���(
�	�������
�	��������)                   [1-13] 

 

When the thickness of the substrate is very thin, strain energy will be 

modified by both layers depending on their thicknesses. When the film 

thickness increases, misfit dislocations are introduced and partially 

accommodate the lattice misfit between the film and substrate, reducing the 

strain energy. When dislocations with Burgers vectors, b, and misfit 

dislocation spacing, S, are generated, the remaining strain energy in the film 

is expressed as  
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From equation [1-11], the misfit edge dislocation energy per unity area is 

given by 

 

� ���������� =
���

��(�	
)

�
" ��(

!
�
)                  [1-15] 

 



20 

 

The factor 2/S in the equation represents the misfit dislocation length per unit 

area. The total energy containing misfit dislocations is found by adding these 

two terms as shown by 
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The introduction of misfit dislocations over a critical thickness, hc, leads to a 

decrease in the energy of the system. The equilibrium state can be determined 

when the total energy per unit area reaches an minimum with respect to the 

number of misfit dislocations per unit length, 1/S. This is obtained by setting 

the following derivative to zero, 
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The inverse misfit dislocation spacing is then found by solving this equation, 

 

�
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�
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Equation [1-18] demonstrates that misfit dislocation spacing, S, depends on 

the thicknesses of film, hfilm, and substrate, hsub.   
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Figure 1.7 Two types of dislocation (a) screw dislocation and (b) edge 

dislocation in the crystal.
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Figure 1.8 Illustration of the Matthews-Blakeslee equilibrium theory of misfit 

dislocation formation on a thick substrate. Coherent film is produced (h < hc). 

Misfit dislocations are introduced (h > hc).
 19 
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Figure 1.9 Illustration of the formation of misfit dislocation on a thin 

(compliant) substrate. 
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Chapter 2. Growth and analysis tools  

 

2.1 .  Growth equipment 

 

2.1.1 Atomic layer deposition (ALD) 

 

In this work, Lucida D100 ALD system was used for the deposition of an 

amorphous alumina (Al2O3) layer. Trimethyaluminum (TMA, (CH3)3Al) and 

DI-water (H2O) were used for aluminum and oxygen sources, respectively. 

Nitrogen gas (N2) with the purity of 99.9999% was used as carrier gas and 

for the purge of non-reacted reactants and the gaseous by-products. One 

monolayer of alumina is deposited per one cycle, which is an angstrom 

scale.1 Monolayer deposition is possible due to the mechanism of chemical 

adsorption and self-terminating reactions with surface controlled process.2 

The gaseous sources are transported sequentially by separate pulses into 

heated reaction chamber.3 Subsequently, reactive chemical species in vapor 

phase are used for the chemical reaction on the substrate surface.4 The 

surface termination is controlled to actively react with the provided gaseous 

precursor, before the other source is transported into the chamber. A pulse of 

first reactant TMA provides the aluminum source of the Al2O3 layer. The 

first precursor chemically reacts and bonds to the surface without fully 

decomposing and changes the dominant surface termination. After chemical 

adsorption when the entire surface is terminated with CH3, a purge step by 

nitrogen gas removes the non-reacted reactants and the gaseous by-products. 

This step separates the exposure of each reactant in the chamber. The same 
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pulse and purge step takes place for the second reactant, H2O, for the 

supplying the oxygen of Al2O3. The four steps (1st pulse – 1st purge -2nd pulse 

– 2nd purge) compose one cycle of ALD and are illustrated schematically in 

Fig. 2.1. 

 

2.1.2 Metalorganic chemical vapor deposition (MOCVD) 

 

In this work, Thomas Swan 3 x 2’’ (incorporated 3 substrates of 2 inch 

size) close coupled showerhead (CCS) MOCVD system (Fig. 2.2) was used 

to grow c-plane nitride epitaxial layer. Trimethylgallium(TMGa,(CH3)3Ga)) 

and Trimethylindium(TMIn, (CH3)3In) were used for group III sources. 

SolkatronicsTM Blue-Ammonia(NH3) of 99.9999% purity was used for group 

V sources. Bis(cyclopentadienyl)magnesium (Cp2Mg, (C2H5)2Mg) and 10 

ppm diluted silane(SiH4) was installed for p-type and n-type doping, 

respectively. Schematic of gas delivery system of MOCVD is in fig. 2.1. 
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Figure 2.1 Schematic diagram of four steps in one ALD cycle 
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Figure 2.2 Thomas Swan 3 x 2’’ MOCVD system. 
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2.2 .  Analysis tools 

 

2.2.1 Field emission scanning electron microscopy (FE-SEM) 

 

The size and shape of photoresist patterns on the sapphire substrate, 

Al2O3 membrane structure and the growth morphology of GaN layer were 

measured by FE-SEM. The clear images of the samples were obtained with a 

Hitachi S-4800 operated at 15 kV. 

 

2.2.2 Atomic force microscopy (AFM) 

 

The AFM measurements were performed in an atmospheric ambient to 

investigate surface morphology of patterned Al2O3 membrane structure on 

the sapphire substrate. The Si probes were used in tapping mode using Park 

Systems XE-100. For image processing and analysis, Park System XEI 

v1.8.0 was used. 

 

2.2.3 Transmission electron microscopy (TEM) 

 

The TEM specimens were thinned to a thickness of 100 nm by using 

focused ion beam system. Bright-field and high-resolution TEM images were 

obtained using JEOL JEM-2100F model, at an acceleration voltage of 200 

keV. 
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2.2.4 Photoluminescence (PL) 

 

The characteristic of PL measurement is a contactless, nondestructive 

method of probing the electronic structure of materials. Specifically, laser is 

incident directly onto a sample, where it is absorbed and imparts excess 

energy into the material in a process called “photo-excitation”. One way this 

excess energy can be dissipated by the sample is through the emission of 

light or luminescence. In the case of photo-excitation, this luminescence is 

called photoluminescence. The intensity and spectral content of this PL is a 

direct measure of various important material properties. PL measurement was 

made at room temperature using 325 nm line of He-Cd laser was used. The 

PL signal was dispersed by a SPEX monochromator and detected by liquid-

nitrogen-cooled charge coupled device (CCD) detector. 

 

2.2.5 X-ray diffraction (XRD) 

 

X-ray diffraction is a non-destructive, relatively easy and fast analyzing 

method especially in examining the structural properties of the crystal. An 

application of X-ray to investigate the structural quality of a crystal stems 

from the short wavelength of X-ray beam comparable to the interatomic 

spacing. Diffraction is due to the existence of certain phase relations between 

two or more waves. In the case of X-ray diffraction of crystal, an interaction 

between the incident X-ray and the constituted atoms of a particular crystal 

plane results in a constructive interference when satisfying the Bragg 

condition (nλ=2dsinθ). For a single crystal epitaxial layer, one the diffraction 

from the surface orientation can be detected. Usually, theta-2theta scan and 
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X-ray rocking curve analyses are applied to examine the structural quality of 

a single crystal epitaxial layer. The information on the coherent length of a 

single crystal is given by theta-2theta scan. The full width at half maximum 

(FWHM) of the X-ray rocking curve can be useful to study the crystalline 

quality of a single crystal. For instance, the X-ray rocking curves of GaN 

(002) plane and (102) plane are associated with the mixed or screw threading 

dislocation density and edge-type threading dislocation density, respectively. 

Panalytical X’pert instrument was used for high resolution XRD 

measurement and ω-scan, theta-2theta scan. The angle divergence of 12 

arcsec or less can be obtained by 4 bounce Ge 022 channel cut 

monochromator. 

 

2.2.6 Cathodoluminescence (CL) 

 

Gatan Mono CL4 system was used to investigate luminescence 

properties of GaN samples as well as to measure the density of threading 

dislocations on the GaN surface. The CL measurements were carried out in 

panchromatic mode at room temperature. The acceleration voltage was 5 kV. 

 

2.2.7 Raman spectroscopy 

 

Raman measurement was carried out for GaN samples to compare the 

amount of strain state. Raman spectra were taken using a Horiba Jobin Yvon 

LabRam Aramis with an Ar-ion laser at 514.5 nm. 
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2.2.8 Stress Measurement System 

 

The curvature of GaN samples was measured by a Frontier 

Semiconductor FSM500TC stress measurement tool. The laser scans the 

surface of the wafer as the beam is deflected by the wafer surface, reflected 

off a mirror and detected by a precision position detector. Detected beams 

determine the height of each position on the wafer as shown in Fig. 2.3. The 

stress in GaN layer was calculated by the measured radius of curvature. 
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Figure 2.3 Diagram of the FSM500TC stress measurement tool. 
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Chapter 3. Fabrication of cavity engineered sapphire 

substrate and its effect on stress reduction in GaN 

layer 

 

3.1. Introduction 

 

GaN is an important wide-band gap semiconductor used for high 

performance light emitting diodes (LEDs) and high speed electronic 

devices.1,2 Due to the lack of lattice matched substrates, GaN layers are 

usually grown on foreign substrates such as sapphire and silicon.3-5 However, 

a significant biaxial stress rises at GaN-substrate interface, because of the 

large lattice mismatch and the large difference in thermal expansion 

coefficient. Severe wafer bow is occurs by a huge compressive stress in GaN 

layer, because the thermal expansion coefficient of GaN is much lower than 

that of sapphire substrate. Bowed wafer is undesirable for the chip fabrication 

using conventional processing equipment. Moreover, the stress in GaN layer 

gives some detrimental effects such as dislocation generation or even 

cracking of the film during the deposition. This affects the device reliability 

and bandgap characteristics. Overall stresses in the GaN layer result from the 

laterally constraint of a layer by the substrate. Ex-situ, post-growth studies of 

GaN stress on the sapphire substrate have been performed using X-ray 

diffraction (XRD), wafer curvature, Raman, photoluminescence (PL) and 

high resolution transmission electron microscope (HR-TEM).6-11 The final 

stress in the layer at room temperature was less than the predicted 

compressive thermal stress. A few research groups presumed that GaN layer 
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is under tensile stress at the growth temperature.7, 9-10 So, it has been 

suggested that the compressive stress in GaN layer is partially relaxed during 

cooling down from the growth temperature.6, 8, 11 A few attempts have been 

reported to avoid bowed wafer and to reduce the stress in GaN layer by the 

insertion of void in the film.12-13 P. Frajtag et al. reported the embedded void 

approach using GaN nanowires, which were created by a mask-less etching 

technique using reactive ion etching (RIE).12 GaN layer was overgrown on 

GaN nanowires, creating a three dimensional network of voids. These voids 

offer free surfaces that act as sinks for the majority of dislocations threading 

from the GaN/sapphire interface as well as a stress relief in the layer and the 

reduction of wafer bow. Jonghak et al. reported that embedded hollow silica 

nano-sphere in GaN layer was employed to improve the GaN materials 

quality and also to reduce the wafer bow.13 Hollow silica nano-spheres were 

expected to effectively reduce the compressive stress of GaN layer by 

absorption of the stress, minimizing the wafer bow. 

In this chapter, a cavity engineered sapphire substrate (CES) was 

employed to improve the crystal quality of GaN and to reduce the wafer bow. 

We believe that CES could induce microscale ELO of GaN on cavity pattern 

to reduce the dislocation density and could effectively reduce the 

compressive stress of GaN layer. Additionally, the effect of void fraction on 

the reduction of the compressive stress in GaN layer will be investigated. 
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3.2. Experimental procedure 

 

A schematic of fabrication process of CES and GaN growth is illustrated 

in Fig. 3.1. In order to fabricate CES, dot shaped photoresist (PR; GXR-601) 

in two dimension (2D) hexagonal arrays was formed on 2 inch c-plane 

sapphire substrates by a conventional photolithography process. It is 

important to decide the shape and dimension of PR, because they result in the 

final shape and size of CES. Also, it can be modified for the purpose to 

control the void fraction in GaN. Additional heat treatment was performed to 

change the shape of the PR structure called reflow process. PR on the 

sapphire substrate was baked on the hot plate at 140, 150, 160 oC for 5 min. 

Amorphous alumina (Al2O3) layer with a thickness of 80 nm was over-

coated on entire sapphire substrate including the PR patterns at 110 oC by 

atomic layer deposition (ALD). Trimethyl-aluminium (TMA) and DI water 

(H2O) were used as Al and O precursors, respectively. Subsequently, the 

sample was thermally heated at 1100 oC for 10 hours in an air-condition 

furnace. During the heat treatment, PR inside the alumina layer was removed 

by calcination process in air atmosphere and the remaining amorphous Al2O3 

layer which strongly bonds to the sapphire substrate. Additionally, 

amorphous Al2O3 layer was crystallized into alpha (α)-phase, which is the 

same phase with sapphire substrate, by solid phase epitaxy (SPE). The 

sequence of phase transition by SPE will be discussed later. (in Chap. 3.3)  

Then, GaN was grown on the CES by metal organic chemical vapor 

deposition (MOCVD). Trimethygallium (TMG) and ammonia (NH3) were 

used as Ga and N precursors, respectively, and H2 was used as a carrier gas. 
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At first, low temperature GaN buffer layer was grown at 540 oC for 220 sec 

at 100 Torr. Subsequently, reactor temperature was raised to 1040 oC for the 

growth of un-doped GaN layer and V/III ratio was 669. The growth sequence 

of GaN using MOCVD is shown in Fig. 3.2. The growth times of HT-GaN 

were varied from 12 minutes to 120 minutes for the observation of GaN 

crystal evolution on CES. 

The surface morphology and the cross-section view of the samples were 

observed by scanning electron microscopy (SEM), Hitachi S-4800 FE-SEM 

operated at 15 kV. The samples were investigated by a transmission electron 

microscope (TEM), JEOL JEM-2100F model, at an acceleration voltage of 

200 keV. TEM specimens were thinned to a thickness of 100 nm by using 

focused ion beam (FIB). Structural characteristic of the GaN layers was made 

by PANalytical X’pert Pro X-ray diffraction (XRD) operated at 40 kV. The 

curvature of the sample was measured by Frontier Semiconductor FSM 

500TC stress measurement system. 
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Figure 3.1 Schematic diagram of the process steps forming a cavity 

engineered sapphire substrate (CES). 
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Figure 3.2 Schematic diagram of the growth procedure of un-doped GaN. 
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3.3. Results and discussion 

 

3.3.1 Formation of photoresist Pattern 

 

Fig. 3.3 shows the SEM image of the representative pattern of 

photoresist prepared by photolithography. The distribution of the patterns is 

hexagonally arranged and the size and shape of cylindrical shape are uniform 

in 2 inch whole wafer. Diameter of PR is 2 µm, spacing is 1 µm, respectively, 

and height is 2 µm. As mentioned above, the shape of photoresist can be 

changed from a cylindrical shape to a hemisphere shape by thermal reflow 

process, as shown in Fig. 3.4. The mechanism of reflow method involves the 

melting of island of PR. If the island of PR is melted, the PR turns into 

liquid-like phase and its surface is pulled into a shape which minimizes the 

energy of the system.14 It is expected that the shape of PR is trans-shaped by 

spherical shape. The modified shape is affected by the surface tension among 

the PR, the surrounding air and the substrate.15 A physical constraint is the 

existence of a critical angle, θc. The angle at which the photoresist meets the 

substrate is illustrated in Fig. 3.5. The magnitude of this angle is governed by 

the surface tension of the PR, the surrounding air and the substrate properties 

and therefore it is a constant for a particular PR-air-substrate combination.16 

Variations in this angle may occur if the substrate is non-uniform or if the 

liquid/substrate interface moves.17, 18 One result of the existence of such a 

fixed critical angle is that there is only one particular volume which will 

result in a spherical surface for a given lens base width. 
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Figure 3.3 Plane and cross-sectional SEM images of PR pattern. 
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Figure 3.4 Cross-sectional SEM images of PR without and with reflow at 140, 

150, 160 oC for 5 minutes. 
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Figure 3.5 the angle at which the photoresist meets the substrate.
15
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3.3.2 Amorphous Al2O3 deposition and thermal treatment 

 

Since PR is sensitive to temperature as shown in the reflow results, the 

amorphous Al2O3 should be deposited below a certain temperature in ALD 

system. Considering the reflow result, the deposition temperature was fixed 

to 110 oC. Besides, it is important to choose a proper thickness of amorphous 

Al2O3 for the CES to maintain its shape after removing PR inside. If the 

thickness of Al2O3 layer is too thin, the shell structure with void will be 

collapsed during the thermal treatment. On the otherhand, it is difficult for 

PR to burn out through the shell of Al2O3, when the thickness is too thick. 

Empirically, a proper thickness of Al2O3 layer was determined for a given 

size of PR as shown in Fig. 3.6. The number of cycles corresponds to the 

thickness of Al2O3 layer in ALD system. For example, 200 cycles is expected 

20 nm thickness of amorphous Al2O3, considering that 1 cycle results in 1 nm 

thickness. Thin Al2O3 shells (t = 20, 50 nm) shrank and collapsed and 80 nm-

thick shells were deformed or ripped off from the substrate after a thermal 

treatment. Meanwhile, the shells of 100 nm thickness corresponding to 1000 

cycles remain entirely. Fig. 3.7 shows plane and cross-sectional SEM images 

of the patterns after ALD Al2O3 deposition with 1000 cycles. 

Fig. 3.8 shows the morphology of the shell of the patterns with cavity 

formed on sapphire substrate after thermal treatment. During the annealing 

process, the PR inside the Al2O3 layer was burned out and replaced air-

cavities. Simultaneously, amorphous Al2O3 layer was crystallized into 

crystalline alpha (α)-phase, which is the same phase with sapphire substrate, 

by solid phase epitaxy (SPE). The sequence of phase transition has been 
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proven by Skald et al.19 Al2O3 has many different metastable phases such as 

gamma (γ), delta (δ), theta (θ) etc. α-phase of Al2O3 is well known phase, 

which is the most stable state thermodynamically. A common sequence for 

the formation of α-Al2O3 from amorphous Al2O3 is amorphous � 

γ � [δ] � [θ] � α, although the intermediate phases shown in brackets may 

or may not be observed.20  

The crystallization behavior from SPE is similar and measurements show 

that crystallization of the amorphous Al2O3 occurs in two stages as 

represented schematically in Fig. 3.9.21 The first step in the annealing process 

is the conversion of the amorphous Al2O3 to the γ phase of Al2O3. This 

transformation occurs at an interface that moves from the original 

amorphous/crystal interface region toward the surface. The second step in the 

annealing process is the conversion of γ-Al2O3 into α-Al2O3. This 

transformation also takes place at a well-defined interface that moves from 

the original amorphous/crystal interfacial region through the film of γ-Al203 

toward the free surface. If the crystal is heated at high temperatures for a 

sufficient time, then the entire amorphous Al2O3 can be crystallized into α-

Al2O3. 

The crystallized Al2O3 shell was examined by cross-section TEM. Fig. 

3.10 (a) is the low magnification bright field TEM image of Al2O3 shell. It 

was recorded on the [112�0] zone axis of sapphire substrate. The residue 

below the sapphire membrane was generated during the TEM sample 
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preparation by FIB. Two regions of the Al2O3 shell were examined and 

confirmed that they were completely transformed into the crystalline α-phase, 

as shown in Fig. 3.10 (d), (e) which is the selected area electron diffraction 

pattern from the sapphire membrane by fast Fourier transform (FFT) of high 

resolution TEM image (Fig. 3. 10 (b), (c)). Furthermore, it was observed that 

(006) plane of the top of Al2O3 shell was parallel to that of the wall of the 

shell. During SPE, the crystal orientation of crystallized Al2O3 shell was 

maintained and was determined by the seed orientation of sapphire substrate. 
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Figure 3.6 SEM images of Al2O3 shell with various number of ALD cycles 

after thermal treatment. 
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Figure 3.7 Plane and cross-sectional SEM images of the patterns after ALD 

Al2O3 deposition with 1000 cycles 
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Figure 3.8 Cross-sectional SEM image of α-Al2O3 shell after thermal 

annealing process. 
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Figure 3.9 Schematic representation of the crystallization behavior for an 

amorphous Al2O3 on an α-Al2O3 substrate.21 
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Figure 3.10 TEM images taken for the crystalline phase and the orientation of 

Al2O3 shell. (a) A low magnification bright field TEM image. The inset 

shows the FFT diffraction pattern of the sapphire membrane. (b), (c) HR-

TEM images at the each red point in (a). (d), (e) the FFT diffraction patterns  
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3.3.3 Growth of GaN on CES 

 

3.3.3.1 Initial growth of GaN on cylinder and hemisphere CES 

 

In order to investigate the initial growth behavior on different shapes of 

CES, GaN layers were grown on both a cylinder CES and a hemisphere CES 

for 24 minutes (HT-GaN) by MOCVD. Fig. 3.11 shows the GaN 

morphologies on both CES templates. It is observed that GaN crystal is much 

bigger on the cylinder CES, because the top area of the cylinder pattern 

where GaN can be grown, is larger than that of the hemisphere pattern. 

Additionally, 6-fold GaN crystals are also observed at the sidewall of the 

cylinder CES only. This side wall growth was examined by XRD omega-

2theta scan (Fig. 3.12), and XRD peaks indicate not only (0002) plane of 

GaN and (0006) plane of sapphire, but also (101�0) plane (m-plane) of GaN. 

The intensity of (101�0) plane is higher in the GaN on the cylinder CES, 

resulting from the existence of GaN crystals at the sidewall. 

Crystal orientation relationship between GaN crystals and a cylinder 

CES was examined by the growth morphologies of GaN. Lei et al. reported 

that in-plane orientation of the GaN layer on a sapphire substrate was found 

to be (101�0)GaN//(112�0)sapphire, indicating 30o in-plane rotation as shown in 

Fig. 3.13 (b).22 From the orientation relation, it is found that GaN crystals 

with 6-fold symmetry at the sidewall of the cylinder CES are grown on (112�0) 

plane (a-plane) of sapphire. As shown in Fig. 3. 13 (c), hexagonal shape of 

GaN crystal on the sidewall indicates that the c-plane GaN was grown on a-
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plane of sapphire. A few researchers reported c-plane GaN grown on a-plane 

sapphire substrate.23, 24
 Since the lattice mismatch between c-plane GaN and 

a-plane sapphire is less than 2%,25 it is expected that better quality layers may 

be achieved. Moustakas et al. has shown that c-plane GaN layers grown on a-

plane sapphire with initial nitridation and low temperature GaN buffer layers 

were smoother than those grown on c-plane sapphire substrate.26, 27 However, 

it is believed that these GaN crystals at the sidewall hinder the growth of 

GaN layer from the trench and generate lots of dislocations when GaN layer 

from the trench merges with GaN crystals at the sidewall.28 As a result, it is a 

better option to grow GaN on a hemisphere CES which suppresses to grow 

GaN crystals at the sidewall. 

 

3.3.3.2 Growth evolution of GaN on CES 

 

Fig. 3.14 shows the plan-view and cross-sectional SEM images of GaN 

layers grown on the CES for various growth times: 12 min, 24 min, 36 min, 

48 min, 60 min and 72 min. At the short growth time (12 min), GaN was 

grown as separate islands on the top of the pattern region and on the trench 

region. The GaN layer start to coalesce at the trench part as the growth time 

is increased. The thickness of GaN layer grown on the trench region increases 

as the growth time increases, but GaN islands on the top of the pattern do not 

grow so much and their thicknesses are similar at increasing growth time. It 

is expected that the lack of c-plane at the top of the pattern suppresses the 

growth of GaN islands on it. The GaN islands grown on the top of the pattern 

has the hexagonal pyramid form with (0001) top facet and six side facets. 
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The angle between the top facet and the side facets has 62o with respect to 

each other, indicating that the side faces are {11�01} planes. The lateral 

overgrowth will be limited by a slow growth rate of {11�01} plane which is 

the most stable facet in GaN crystal structure.29 At growth time 60 min, 

partial coalescence takes place between the GaN islands on the top of the 

pattern region and the GaN layer on the trench region. As the growth time 

increases, the GaN layer on the trench region was grown by covering the 

GaN islands by lateral overgrowth. As the growth time is further increased to 

120 min, full coalescence takes place leading to smooth surface as shown in 

Fig. 3.15. 
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Figure 3.11 Growth morphologies of GaN on a cylinder CES (up) and on a 

hemisphere CES (down) for 24 minutes growth. 
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Figure 3.12 XRD omega-2theta scans of GaN on a cylinder CES (black line) 

and on a hemisphere CES (red line). 
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Figure 3.13 Orientation relationship between GaN and a cylinder CES. (a) 

plane view SEM image, (b) orientation relationship along c-axis between 

GaN and sapphire, (c) cross-sectional SEM image, (d) schematic image of 

relative orientations of the crystallographic axes of GaN on a-plane sapphire. 
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Figure 3.14 Plane-view and cross-sectional SEM images of the GaN layers 

grown on CES for the growth time from 12 min. to 72 min. 
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Figure 3.15 Plane-view and cross-sectional SEM images of the GaN layer 

grown on CES for 120 min. 
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3.3.4 Stress reduction in GaN layer on various CES 

 

In order to investigate the effect of void volume fraction in GaN layer, 

four samples with different void volumes were examined. In Fig. 3.16, cross-

sectional SEM images show the GaN layers grown on the various sizes and 

shapes of CES pattern. As mentioned above (chap. 3.3.1), the size and shape 

of the pattern of CES can be adjusted by the size and shape of PR. PR are 

also modified by changing mask, spin coater speed related to the PR 

thickness, exposure UV energy, the type of photoresist, or reflow process. 

The dimension of each patterns are listed in Table 3.1. 

Reduction of GaN film stress using the cavities is confirmed by laser 

scanning measurement tool. The laser scans the surface of GaN layer as the 

beam is deflected by the surface, reflected off a mirror and detected by a 

precision position of detector. Detected beams obtained determine the height 

of each position on the surface, measuring the radius of curvature (R). Using 

laser scanning measurement tool, GaN layers with various size of cavity and 

GaN layer on conventional sapphire substrate as reference were measured. 

Stress (σf) in the layer is calculated using Stoney’s formula shown as,30-32 

 

(& =
'(�

)*(�	+)(�                       [3-1] 

 

where Es is Young’s modulus of sapphire (425 GPa), υs is Poisson’s ratio of 

sapphire (0.3). 33 ds and df denote the thicknesses of the substrate and the film, 

respectively. The thickness of sapphire substrate is 430 µm. The stresses of 
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GaN layers were calculated with measured values of the radius of curvature. 

Also, void volume fractions in GaN layer were also calculated to investigate 

the influence to the stress in GaN layer, setting the effective interlayer as 

thick as the height of void in Fig. 3.17. The effective interlayer is affected by 

the presence of void. Finally, volume fraction is calculated from cross-

sectional two-dimension shapes, since each pattern has uniform size and 

shape and patterns are in hexagonal array of certain period. Stress results and 

void volume fractions are also listed in Table 3.1. As the void volume fraction 

is increased, the stress decreases, as shown in Fig. 3.18. The stress decreases 

from 758.7 to 492.1 MPa for 40.3% of void volume fraction, indicating that 

the stress is decreased by about 35%. 

In order to confirm the stress reduction of the GaN layer in the presence 

of void, finite element (FE) simulations, using a commercial FE software 

ABAQUS, were performed. To evaluate the stress evolution in GaN layer 

with voids, detail geometry of CES and GaN layer should be considered. 

Here, we conducted a unit structure in which contains five patterns as shown 

in Fig. 3.19, and adopted a periodic boundary condition along the in-plane 

axes under assumption of uniform stress in the inside part of area, because it 

is impossible to simulate real size of the sample due to extremely large scale 

for FE simulation.. Stress solution was calculated along the temperature 

cooling from 1040 oC to 25 oC.  

In addition to the periodic boundary condition, we also considered 

effective Young's modulus of the sapphire substrate. Compared to the GaN 

epitaxial layer, the substrate, which is relatively very thick, has significant 

inhomogeneity along the thickness direction due to its bowing. This 



64 

 

inhomogeneity leads an undesirable out-of-plane periodicity as well as in-

plane periodicity. However, because the in-plane axial stiffness is in linear 

proportion to the cross-sectional area as k=AE/L, where k is axial stiffness, A 

is cross-sectional area, E is the Young's modulus, and L is length, identical 

stiffness of the substrate can be derived from reduced area A' and 

corresponding E' which satisfy a relationship AE=A'E'. Note that what is 

interesting here is the stress evolution in the GaN epitaxial layer, not the 

stress in the substrate. Therefore, one can reduce the considered thickness of 

substrate to e.g. 0.5 μm from its original (430 μm) in order to avoid the 

undesirable out-of-plane periodicity. The corresponding effective Young's 

modulus would be 860 times larger. The material constants for FE simulation 

are listed in table 3.2. 

The results of FE simulation are in Fig. 3.20. Strong stress gradient is 

obtained around the cylindrical shell. Also, weak tensile stress field is 

developed at the cylindrical shell. The stress values in GaN layers on various 

void volume fractions are also plotted in Fig. 3.18. The tendency of the stress 

with increasing void volume fraction is similar to the experimental results. 

Additionally, FE simulation was performed in case of GaN on CES which is 

with α-Al2O3 shell and without α-Al2O3 shell. Unit structures with α-Al2O3 

shell and without α-Al2O3 shell for FE simulation are shown in Fig. 3. 21. 

The results show that the existence of α-Al2O3 shell gives tensile stress field 

around the cylindrical void (Fig. 3. 22) and effectively reduces the stress in 

GaN layer (Fig. 3. 23).  
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Figure 3.16 Cross-sectional SEM images of various size voids embedded in 

GaN layer. (H : height, W : width, S : spacing, tGaN : thickness of GaN layer) 
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Table 3.1 Dimension of the CES pattern, void fraction, GaN thickness, radius 

of curvature and stress in GaN layer. 
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Figure 3.17 Definition of the effective interlayer thickness for the void 

volume fraction. 
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Figure 3.18 Stress obtained by experiment (black dot) and by simulation (red 

dot) depending on void volume fraction. 
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Figure 3.19 SEM images of each sample and corresponding schematic 

images for FE simulation. 
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Table 3.2 Material constants of sapphire, α-Al2O3 shell and GaN.33 
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Figure 3.20 FE simulation results of GaN layer. The stress analysis of GaN 

without void (up) and with a void (down). Relaxation of the stress around 

cylindrical shell is observed. 
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Figure 3.21 Schematic images of unit structures with α-Al2O3 shell (up) and 

without α-Al2O3 shell (down) for FE simulation.  
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Figure 3.22 FE simulation results. The stress analysis of GaN with α-Al2O3 

shell (up) and without α-Al2O3 shell (down). 
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Figure 3.23 Stress obtained by FE simulation depending on void volume 

fraction.  
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3.4. Summary 

 

In conclusion, less strained GaN layer was grown on CES which was 

fabricated by conventional photolithography and ALD. The reduction of 

compressive stress of GaN layer is examined by laser scanning technique and 

FE simulation. The tendency of stress reduction depending on the void 

volume fraction in GaN layer was also determined using various sizes of CES 

which has different void volume fraction. The stress decreases about 35% for 

40.3% of void volume fraction compared to the GaN layer on conventional 

sapphire substrate. FE simulation and experimental results show similar 

tendency in the stress reduction depending on void volume fraction, and the 

compressive stress is relaxed at the surrounding of cylindrical shell from the 

FE simulation result. 
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Chapter 4. Ultra-thin compliant sapphire membrane 

for the growth of GaN 

 

4.1. Introduction 

 

GaN layers have been grown on foreign substrates such as sapphire, SiC 

and Si due to high price of GaN substrate.1-3 In these cases, the large lattice 

mismatch between GaN and the substrates is unavoidable and a significant 

number of threading dislocations are generated, limiting the efficiency and 

the reliability of GaN-based devices.4,5  

The concept of a compliant substrate to reduce dislocation density in 

heteroepitaxial systems was first proposed by Lo et al.6 If the thickness of 

substrate is comparable to the layer thickness, the strain is partitioned 

between the layer and the substrate, allowing the growth of a thicker layer 

while suppressing the generation of misfit dislocations. D. Zubia and S. D. 

Hersee obtained expressions for the partitioned strains that indicates the 

functional dependence of the strains on the thickness ratio hepi/hsub 
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where εT is the total lattice mismatch strain, εepi and εsub are the partitioned 

strains in the epitaxial layer and substrate, respectively and K is given by 
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Fig. 4.1 plots the normalized partitioned strains, εsub/εT and εepi/εT, as a 

function of the thickness ratio, hepi /hsub, for three values of K.7 

Several approaches to obtain high quality heteroepitaxial layers of SiGe, 

GaN and InGaAs on various compliant substrates have been reported.8-11 The 

use of silicon-on-insulator (SOI) substrate was widely investigated for the 

growth of SiGe and GaN since the very thin SiO2 film could behave as a 

floating and soft buffer.8,9 Jones et al. investigated the growth of In0.4Ga0.6As 

quantum well (QW) structure on a 40 nm thick disk-shaped In0.05Ga0.95As 

compliant layer. Cathodoluminescence (CL) measurement revealed bright 

emission from the QW disk due to the reduction of misfit dislocation 

density.10 Chua et al. demonstrated a 80 nm thick GaAs membrane compliant 

substrate showing the pseudomorphic growth of a thick, lattice-matched and 

high quality In0.14Ga0.86As layer.11 However, little work has been reported on 

GaN growth on compliant substrates.  

In this chapter, we report about less strained and less defective GaN grown 

on a ultra-thin compliant sapphire membrane. 
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Figure 4.1 Strain partitioning between the epi layer and the substrate for a 

planar substrate.
7
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Figure 4.2 InGaAs quantum well structure grown on a disk-shaped compliant 

membrane; (a) schematic and (b) SEM image.
10
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Figure 4.3 Membrane with a bench structure, for use as a compliant 

substrate.
11
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4.2. Experimental procedure 

 

We used photolithography to define a 3 µm wide and 1 µm thick 

photoresist (PR) stripe pattern along the <112�0>sapphire direction separated by 

a distance of 2 µm on a 2 inch sapphire substrate. Then, amorphous alumina 

(Al2O3) layer was deposited on the PR pattern at 110 oC by atomic layer 

deposition (ALD). Trimethylaluminum and deionized (DI) water were used 

as Al and O sources, respectively. The samples were sliced into 1 x 1 cm2 

square samples for further experiment. The samples were dipped in acetone 

to resolve PR from the exposed edge area and subsequently annealed at 1100 
oC for two hours in a furnace (air atmosphere) to crystallize the amorphous 

alumina membrane into crystalline sapphire. 

The samples were loaded in a Thomas Swan 3 x 2’’ metal-organic 

chemical vapor deposition (MOCVD) chamber for the growth of GaN. The 

thermal cleaning was performed for 5 min at 1100 oC, and then the 

temperature was decreased down to 560 oC at which a low temperature GaN 

buffer layer was grown at 13.3 kPa for 220 s. The high temperature (HT) 

GaN epitaxial layers were grown at 1040 oC and 40 kPa. HT GaN growth 

times were varied from 5 to 40 min to study the morphological evolution 

during MOCVD growth. Trimethylgallium and ammonia were used as 

precursors for Ga and N, respectively. H2 was used as a carrier gas. In this 

experiment, the susceptor was not rotated. The growth sequence is shown in 

Fig. 4.4.  

The samples were investigated by a transmission electron microscope 

(TEM), JEOL JEM-2100F model, at an acceleration voltage of 200 keV. 

TEM specimens were thinned to a thickness of 100 nm by using focused ion 
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beam (FIB). CL was measured using a Gatan MonoCL4 operated at 5 kV. 

Structural characteristic of the GaN layers was made by PANalytical X’pert 

Pro X-ray diffraction (XRD) operated at 40 kV. Raman spectra were taken 

using a Horiba Jobin Yvon LabRam Aramis with an Ar-ion laser at 514.5 nm. 

Photoluminescence (PL) measurements were carried out using a Dongwoo 

Optron micro-PL system with a He-Cd laser at 325 nm. 
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Figure 4.4 Schematic diagram of the growth procedure of un-doped GaN. 
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4.3. Results and discussion 

                                                                                                                             

4.3.1 Fabrication of sapphire membrane 

 

Fig. 4.5(a) shows a cross-section scanning electron microscopy (SEM) 

image of the amorphous alumina layer deposited on the stripe patterned PR. 

Samples were dipped in acetone to resolve PR, as shown in Fig. 4.5(b), 

resulting in a cavity structure made of amorphous alumina. Then, the 

amorphous alumina membrane was crystallized into crystalline sapphire (α-

phase). It is well known that crystallization of the amorphous alumina occurs 

in two steps through solid phase epitaxy (SPE).12-14 The first step is the 

transformation of the amorphous phase to the metastable crystalline α-Al2O3 

at relatively low temperature around 800 oC. The second step is the 

conversion of γ-Al2O3 into α-Al2O3 at sufficiently high temperature of 1100 

oC. Recently, we reported the crystallization of a cavity made of thin 

hemispherical alumina membrane formed on a c-plane sapphire substrate and 

its application to light emitting diodes, where PR was removed by oxidation 

in a furnace in air atmosphere.15 It is worth noting that the rectangular 

alumina membrane was transformed into a trapezoidal stripe after the 

crystallization process, as shown in Fig. 4.5(c). We speculate that the shape 

change was due to densification of the amorphous alumina membrane as well 

as crystallization. The density of amorphous alumina is in the range from 2.5 

to 3.0 g/cm3 depending on the ALD process temperature16 and the density of 

α-phase Al2O3 is 3.95 g/cm3. During the crystallization, the volume of the 

membrane is expected to decrease by 25~37 % depending on the initial 

density of the amorphous alumina. Both top and lateral sides of the 
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rectangular cavity shrank while the two lateral sides were fixed to the 

sapphire substrate, leading to the trapezoidal stripe. Note that the top sapphire 

membrane became slightly sagged after the crystallization. It was found that 

the c-axis orientations of the top sapphire membrane were slightly varied 

laterally by TEM measurement. A further experiment is currently underway 

to get the flat top face and will be reported elsewhere.17 
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Figure 4.5 Cross-section SEM images of (a) amorphous Al2O3 layer 

deposited by ALD on stripe patterned photoresist (PR), (b) amorphous Al2O3 

membrane with cavity after PR removal, (c) crystallized sapphire (α-Al2O3) 

membrane after thermal annealing. 
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4.3.2 Growth evolution of GaN 

 

Morphological evolution during the GaN growth on a trapezoidal 

sapphire membrane was studied by plan-view SEM, as shown in Fig. 4.6(a) 

and 4.4(b). We note that HT GaN was preferentially grown on the top 

membrane after 5 min HT growth, as shown in Fig. 4.6(a). Small GaN 

islands were also found at spacing regions. After the continued growth for 40 

min, we were able to grow a coalesced and smooth GaN layer on the top 

sapphire membrane, as shown in Fig. 4.6(b). Fig. 4.6(c) shows the cross-

section SEM image of GaN layers grown on the top sapphire membrane as 

well as on spacing regions. Based on the measurement of the GaN facet 

angles of 58.4o and 90o with respect to the [0001] direction, their Miller 

indices were assigned as prismatic {112�2} and {112�0} families, which were 

reported to emerge in the case of enhanced lateral growth condition.18 The 

thicknesses of GaN layer grown on the top sapphire membrane and on the 

spacing regions were measured to be 1.4 µm and 0.6 µm, respectively, 

resulting in a higher growth rate of the GaN layer on the top sapphire 

membrane than on the spacing region. It is speculated that the laterally grown 

GaN layers on the top sapphire membranes get close each other and limit the 

mass transport of reactants to the spacing regions. It was also found that 

formation of GaN islands on spacing regions could be substantially 

suppressed with the susceptor rotation during MOCVD growth, and its effect 

on the growth behavior will be reported elsewhere.19 
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Figure 4.6 Plan-view SEM images of GaN layers grown for different growth 

times. (a) 5 min and (b) 40 min. (c) cross-section SEM image of GaN layer 

on a 26 nm thick sapphire membrane after 40 min growth. 
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4.3.3 Structural properties of GaN and sapphire membrane 

 

The GaN sample was examined by cross-section TEM. Fig. 4.7(a) is the 

low magnification bright field TEM image of GaN grown on the top sapphire 

membrane. It was recorded on the [112�0] zone axis of sapphire substrate. We 

examined several regions of the top sapphire membrane and confirmed that 

they were completely transformed into the crystalline α-phase, as shown in 

the inset of Fig. 4.7(a), which is the selected area electron diffraction pattern 

from the sapphire membrane by fast Fourier transform (FFT) of high 

resolution TEM image. Furthermore, it was observed that (0006) plane of the 

sapphire membrane was parallel to that of the base sapphire substrate, 

allowing the epitaxial growth of c-plane GaN on the top sapphire membrane. 

Fig. 4.7(b) shows a bright field TEM image of the interfacial region between 

the GaN layer and the sapphire membrane (Region I in Fig. 4.7(a)). The 

thickness of the sapphire membrane was measured to be 26 nm. The residue 

below the sapphire membrane was generated during the TEM sample 

preparation by FIB. The crystallographic relationship between the GaN layer 

and the sapphire membrane was identified as (0002)GaN//(0006)sapphire, 

(12�10)GaN//(303�0)sapphire from the FFT image, as shown in the inset in Fig. 

4.7(b). Lei et al. reported that in-plane orientation of the GaN layer on a 

sapphire substrate was found to be (12�10)GaN//(303�0)sapphire, indicating 30o in-

plane rotation.20 Fig. 4.7(c) is the TEM image of the GaN layer with a {112�0} 

side facet (Region II in Fig. 4.7(a)). It shows the threading dislocations 

(shown by arrows) running parallel to the interface and resultantly toward the 

side facet. It was reported that threading dislocations could minimize their 

energy by bending.21 Vennegues et al. suggested that threading dislocations 
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were bent into the horizontal direction and met with the {112�2} facet during 

the GaN growth, contributing to the reduction of threading dislocation 

density (TDD) in the GaN layer.22 
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Figure 4.7 (a) A low magnification bright field TEM image of GaN on the 

sapphire membrane. The inset shows the FFT diffraction pattern of the 

sapphire membrane. (b) a higher magnification bright field TEM image of the 

interface between the GaN layer and the sapphire membrane. The inset shows 

the FFT diffraction pattern at the interface. (c) TEM image of GaN side facet 

showing dislocation bending. 
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4.3.4 Analysis of dislocations 

 

In order to investigate the generation of misfit dislocations at the 

GaN/sapphire interface, TEM images of the interfacial region were 

reconstructed for both samples by selected Fourier filtering, as shown in Fig. 

4.8(a) and 4.8(b). In the [112�0] projection of sapphire, the d-spacing of the 

(303�0)sapphire plane and the (112�0)GaN plane are 0.136 nm and 0.157 nm, 

respectively, corresponding to a 13.4 % lattice mismatch for both planes and 

lattice constant ratio of 0.866. This implies that misfit edge dislocation can be 

generated theoretically at every 7.5 planes at the interface. Fig. 4.8(a) is the 

reconstructed TEM image of the GaN on the conventional thick sapphire 

substrate, showing misfit dislocations were generated at every 7 or 8 planes. 

Lattice constant ratio can be experimentally calculated by counting the 

number of planes at both sides of the interface. We designated arbitrary 

interfacial areas defined by dotted lines and compared the number of planes 

participating in both layers at the interface. 44 planes of (112�0)GaN with 

respect to 51 planes of (303�0)sapphire in Fig. 4.8(a) gave the lattice constant 

ratio of 0.863 (44/51), which agrees well with the theoretical value (0.866). 

On the other hand, in the case of the GaN grown on the 26 nm sapphire 

membrane, 55 planes of (112�0)GaN with respect to 61 planes of (303�0)sapphire 

in Fig. 4.8(b) gave the lattice constant ratio of 0.902 (55/61). The distance 

between the misfit dislocations was in the range from 7 to 15 planes, 

indicating that less misfit dislocations were generated for the GaN grown on 

the compliant sapphire membrane. Based on the observation in Fig. 4.8(a) 

and 4.8(b), we found that the average spacing between misfit dislocations at 

the interface increased from 7.3 interplanar spacings for the conventional 
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sapphire substrate to 10.2 interplanar spacings for the sapphire membrane, 

corresponding to 40 % increase in spacing between misfit dislocations. This 

implies the 28 % reduction in the density of misfit dislocaiton per unit length. 

Note that the misfit dislocations in the case of the sapphire membrane were 

not positioned along a straight line, presumably due to the initial rough 

sapphire surface formed by SPE of amorphous alumina. Root-mean-square 

(RMS) surface roughness of 2.1 nm was observed for the sapphire membrane, 

compared to 0.1 nm for that of sapphire substrate by atomic force microscopy. 

From the equation [1-18], misfit dislocation spacing is expressed as 
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Taking f = 0.13, b = 0.136 nm (d-spacing of (303�0)sapphire plane), v = 0.25, 

R ≈ (hfilm) = 1.4 µm, r0 = 1 nm, hfilm = 1.4 µm and hsub = 26 nm (sapphire 

membrane), 430 µm (conventional sapphire substrate). The measurement 

values of the samples are 1.6 nm for GaN on sapphire membrane and 1.15 

nm for GaN on conventional sapphire substrate), respectively. Misfit 

dislocation spacing, S, can be plotted depending on the substrate thickness, as 

shown in Fig. 4.9. Black line indicates the prediction of the equilibrium 

theory compared with measurements (red dots). Measurement point of misfit 

dislocation spacing of GaN on the sapphire membrane is higher than the 

expectation and the cause of this discrepancy is related to the kinetics of 

nucleation, motion, multiplication of dislocations in epitaxial GaN layer.23 

CL measurement was made to investigate the TDD of the GaN layers 

grown on both samples, as shown in Fig. 4.10(a) and 4.10(b). Counting the 
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number of dark spots marked by arrows revealed that the TDD of the GaN 

layer grown just above the sapphire membrane (marked by a dotted square in 

Fig. 4.10(b)) was 2.4 x 108/cm2. The area of the square in Fig. 4.10(b) is as 

same as the top area of the sapphire membrane. It was reduced by 25 % 

compared to the TDD of the GaN on the conventional sapphire substrate (3.2 

x 108/cm2), as marked by arrows in Fig. 4.10(a). We speculate that this 

reduction of TDD could be attributed to the decrease of misfit dislocations 

shown in Fig. 4.8(b).  
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Figure 4.8 Reconstructed TEM images after Fourier filtering of (a) GaN on 

the conventional sapphire substrate and (b) GaN on the sapphire membrane. 

The numbers indicate the number of planes at the interface between the misfit 

dislocations. 
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Figure 4.9 Misfit dislocation spacing, S, in GaN on the sapphire substrate as a 

function of sapphire thickness. The predictions of the equilibrium theory are 

compared with measurements. 
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Figure 4.10 CL images of the surface of GaN layers (a) on the conventional 

sapphire substrate, and (b) on the sapphire membrane. 
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4.3.5 Reduction of strain in GaN 

 

Fig. 4.11 shows the result of XRD ω−2θ measurement along (0002)GaN 

plane. Before the measurement, the peak positions of (0006)sapphire plane for 

both samples were aligned to 41.69 o as a reference. The peak positions of 

(0002)GaN plane were found to be 34.57 o and 34.55 o, corresponding to the c-

axis lattice parameters of 0.5185 nm and 0.5188 nm, for GaN on the sapphire 

membrane and on the conventional sapphire substrate, respectively. We 

believe that the smaller c-axis lattice parameter of GaN on the sapphire 

membrane, implying the less compressive strain in the GaN layer, was due to 

the compliant substrate effect of the ultra-thin sapphire membrane. The 

lattice parameter of unstrained GaN is 0.5185 nm which is the same as the 

lattice parameter of GaN on the sapphire membrane.  
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Figure 4.11 XRD ω-2θ scan of the symmetrical reflection for GaN layers on 

the conventional sapphire substrate and the sapphire membrane. 
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Micro-Raman measurement was also carried out for both samples and 

free-standing GaN to compare the amount of strain in GaN layers, shown in 

Fig. 4.12. The peak positions of E2-high mode were measured to be 569.9 

cm-1 for GaN on the conventional sapphire substrate and 568.0 cm-1 for GaN 

on the sapphire membrane. The peak position for GaN on the sapphire 

membrane was very close to the peak position of free-standing GaN of 567.9 

cm-1. Taking into account the stress coefficient of 4.3 cm-1/GPa of GaN24, the 

compressive stress was calculated to be 0.02 GPa for GaN on the sapphire 

membrane and 0.47 GPa for GaN on the conventional sapphire substrate. The 

reduction of stress in the GaN layer which was caused by the mismatch in 

both lattice parameter and thermal expansion coefficient could be attributed 

to the strain absorption by the ultra-thin sapphire membrane. The stress could 

be further decreased by the shape change of the trapezoidal structure. We 

expect that the sapphire membrane trapezoid could be elastically deformed 

responding to the stress, contributing to the additional stress reduction in the 

GaN layer when it was grown on the membrane.  
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Figure 4.12 Raman spectra for GaN layers on the conventional sapphire 

substrate and the sapphire membrane. 
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Fig. 4.13(c) shows the near band edge (NBE) PL spectra at room 

temperature. The shoulder in the low energy part of the spectra corresponds 

to the first phonon replica.25 The PL intensity of the NBE emission for GaN 

on the sapphire membrane was twice higher than that of GaN on the 

conventional sapphire substrate. This was attributed to the lower TDD and 

the higher crystal quality of GaN on the sapphire membrane. Note that the PL 

FWHM (47 meV) of GaN on sapphire membrane was slightly larger than that 

of GaN on conventional sapphire substrate (37 meV), presumably due to 

strain inhomogeneity in the stripes. Further study is currently under way to 

understand the origins of PL broadening. Additionally, a red shift of the NBE 

emission peak from 3.426 to 3.407 eV was observed corresponding to a 

reduction in compressive stress of GaN on the sapphire membrane. 
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Figure 4.13 RT-PL spectra for GaN layers on the conventional sapphire 

substrate and the sapphire membrane. 

 

 

 

 

 

  



107 

 

4.4. Summary 

 

In conclusion, we report the formation of an ultra-thin 26 nm thick 

sapphire membrane and its effect on the growth of GaN by MOCVD. The 

reconstructed TEM image by Fourier filtering revealed that the density of 

misfit dislocation per unit length in GaN on the sapphire membrane 

decreased by 28 % compared to GaN on the conventional sapphire substrate. 

CL measurement showed that the TDD was reduced down to 2.4 x 108 /cm2 

in GaN on the sapphire membrane, which is due to the reduction of misfit 

dislocations. The reduction of stress and the enhanced emission efficiency in 

GaN on the sapphire membrane were confirmed by XRD ω-2θ measurement, 

Raman peak shift and PL measurement. 
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Chapter 5. Linearly polarized emission in c-plane 

InGaN/GaN LED 

 

5.1. Introduction 

 

GaN based light-emitting diodes (LEDs) with high efficiency already 

provides in many lighting applications due to substantial energy savings.1,2 

LEDs basically have functional strengths such as the control of color 

temperature, pulsation, dimming, far-field emission pattern and even linearly 

polarized emission, which is not possible for traditional lighting sources such 

as incandescent lamp or fluorescent light etcs.3 Thanks to such optical 

functionalities, LEDs can be applicable in many industries like display, 

automobile and general lighting.4,5 However, the optical property of linearly 

polarized light still remains insufficient in order to application to other 

devices, although LEDs with polarized emission could be used for the 

backlight of liquid-crystal display (LCD) as well as sensing and 

communication applications.6 For example, in LCD application as a backlight, 

unpolarized light is currently used for backlighting source and absorptive 

polarizers are necessary for the linearly polarized light, which results in a loss 

of light.7 Polarized emission can be switched on and off in the LCD. 

Therefore, if LEDs efficiently generate the polarized emission, it will be 

beneficial to the efficiency of LCDs.8  

It has been reported that the polarized light emission come from nonpolar 

or semipolar plane such as a-plane and m-plane LEDs.9-16 This result comes 

from the large valence-band splitting induced by the high compressive strain 
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in the InGaN/GaN quantum wells (QWs). For example, InGaN/GaN QWs 

grown on m-plane GaN has the anisotropic compressive biaxial stress in the 

QWs which breaks the symmetry of the original valence bands of unstrained 

wurtzite GaN, as shown in Fig. 5.1.17 Efforts for the growth in this direction 

have been reported using m-plane GaN layer,18 and InGaN/GaN multiple-

quantum-well (MQW) structures grown on γ-LiAlO2.
19,20 Also, a-plane GaN 

layers,21-24 and InGaN/GaN MQWs25-27 have been reported on r-plane 

sapphire. However, the optical efficiency of nonpolar or semipolar plane 

LEDs is limited from high defect density such as threading dislocations 

(~109-10/cm2) or stacking faults in the GaN due to heteroepitaxial and 

anisotropic growth on a foreign substrate. However, the LED technique using 

c-plane GaN on sapphire substrate has been mature with high effiency for a 

decade. If it is possible to render anisotropic biaxial compressive stress in c-

plane GaN layer using our stripe pattern membrane on the c-plane sapphire 

substrate, linearly polarized emission with high efficiency can be obtained. 

In this chapter, we report about linearly polarized emission of the 

photoluminescence of c-plane InGaN/GaN MQW grown on stripe patterned 

sapphire membrane.  
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Figure 5.1 Schematic of the orientation of the atomic orbitals and the 

conduction and valence bands in anisotropic compressive strained m-plane 

GaN. 
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5.2. Experimental procedure 

 

Photoresist (PR) stripe pattern with a 2 µm width and 2 µm thick was 

defined along the <112�0>sapphire direction separated by a distance of 2 µm on 

a 2 inch sapphire substrate by conventional photolithography technique. An 

amorphous alumina (Al2O3) layer was deposited on the PR pattern at 110 oC 

by atomic layer deposition (ALD). The number of ALD cycle was 1500. 

Trimethylaluminum and deionized (DI) water were used as Al and O sources, 

respectively. Then, to remove PR inside the Al2O3 layer, the sample was 

dipped in acetone for a day. PR was resolved from the exposed edge area. 

Subsequently, the sample was annealed at 1100 oC for two hours in an air-

condition furnace to crystallize the amorphous Al2O3 membrane into 

crystalline α-phase Al2O3. The process sequence is shown in Fig. 5.2. 

The samples were loaded in a Thomas Swan 3 x 2’’ metal-organic 

chemical vapor deposition (MOCVD) chamber for the growth of InGaN/GaN 

multi-quantum wells (MQWs). The thermal cleaning was performed for 5 

min at 1100 oC, and then the temperature was decreased to 560 oC at which a 

low temperature GaN buffer layer was grown at 13.3 kPa for 220 s. The high 

temperature (HT) GaN epitaxial layers were grown at 1040 oC and 40 kPa. 

Growth time of HT undoped GaN layer was 120 min. Then, five periods of 

InGaN/GaN QW structure was grown on undoped GaN layer at 800 oC. 

Trimethylgallium, Trimethylindium and ammonia were used as precursors 

for Ga, In and N, respectively. H2 and N2 were used as a carrier gas.  

Structural characteristic of the InGaN/GaN MQW was made by 

PANalytical X’pert Pro X-ray diffraction (XRD) operated at 40 kV. The 

surface was analyzed by atomic force microscopy (AFM), Park Systems XE-
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100, operated in non-contact mode. Raman spectra were taken using a Horiba 

Jobin Yvon LabRam Aramis with an Ar-ion laser at 514.5 nm. 

Photoluminescence (PL) measurements were carried out using a Dongwoo 

Optron micro-PL system with a He-Cd laser at 325 nm. To measure the 

linearly polarized emission from the InGaN/GaN MQW, a rotating linear 

polarizer is placed between the sample and a photo-detector. 
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Figure 5.2 Schematic diagram of the process steps. 
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Figure 5.3 Schematic diagram of the growth procedure of un-doped GaN and 

InGaN/GaN MQW. 
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5.3. Results and discussion 

 

5.3.1 Peeling off GaN layer 

 

When GaN layer is grown and coalesced on sapphire membrane (4 µm – 2 µm 

or 3 µm – 2 µm) for 2 hours by MOCVD, GaN layer is unintentionally peeled off 

from the sapphire substrate. Fig 5.4 shows the photograph images after the growth 

of coalesced GaN layer, in which the wrinkled GaN surfaces are observed due to 

peeling off. Thin GaN layer (~ 2 µm) without any support substrate would not be 

used for follow-up fabrication process. In cross-sectional SEM image (Fig. 5.5), it is 

shown that GaN layer was separated from the sapphire substrate, because the top of 

sapphire membrane was destroyed by thermal stress. Since thermal expansion 

coefficient of sapphire is much higher than that of GaN, intense biaxial compressive 

stress was applied to GaN layer during cooling down step in MOCVD chamber. 

Sapphire membrane which links GaN layer with the sapphire substrate is too thin to 

withstand the thermal stress. As a result, GaN layer is self-separated from the 

sapphire substrate. 
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Figure 5.4 Photograph images after HT GaN growth on 4 µm – 2 µm (left) 

and 3 µm – 2 µm (right) stripe patterns. GaN layers peeled off from the 

substrate. 
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Figure 5.5 Cross-sectional SEM image of peeling off GaN layer on 4 µm – 2 

µm stripe patterns. (top) Schematic images for the failure reason of peeling 

off GaN layer. (down) 

. 
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5.3.2 Coalesced GaN layer and InGaN/GaN MQW on stripe 

pattern 

 

Fig. 5.6 shows a cross-section scanning electron microscopy (SEM) 

image of crystallized sapphire membrane after thermal treatment. Details of 

the fabrication process including SPE are already described in Chap. 4.3.1. 

The pattern width of sapphire membrane is decreased 2 µm to prevent GaN 

layer from the separation of the sapphire substrate and the thickness of 

membrane is also increased 1.5 times. 

AFM measurement was performed to investigate the morphology 

including the top surface roughness and drooping (Fig. 5.7). From the scan 

size 15 x 15 µm2, well-defined sapphire membrane structure was observed, 

but the top of the membrane is slightly deflected. To confirm the drooping, 

top area of the membrane was measured as the scan size 1.5 x 1.5 µm2. Line 

profile was obtained across the membrane and the height difference between 

the edge and the center was measured to be 10 nm. It is presumed that the 

drooping of the top area is resulted from the densification of the membrane. 

During the crystallization, the volume of the membrane is expected to 

decrease due to density differences between the amorphous and α-phase 

Al2O3, leading to shrinking the top region and the deflection. 

Coalesced GaN layer and InGaN/GaN MQW structure were successfully 

grown on 2 µm – 2 µm stripe pattern without peeling off, as shown in Fig. 

5.8. Smooth and mirror-like surface of the sample was observed and rainbow 

colors on the surface also come from the light scattering due to the stripe 

membrane pattern. GaN layers at the top of each membrane were laterally 

grown and coalesced. 
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Figure 5.6 Cross-section SEM image of crystallized sapphire membrane (2 

µm- 2 µm) after thermal annealing. 
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Figure 5.7 AFM images of crystallized sapphire membrane. 
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Figure 5.8 Photograph image (up) and cross-sectional SEM image (down) of 

InGaN/GaN MQW sample. 
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5.3.3 Characteristics of InGaN/GaN MQW structure 

 

A high-resolution X-ray omega-2theta measurement for the InGaN/GaN 

MQWs was performed to evaluate the thicknesses of InGaN QW and GaN 

barrier as well as indium composition in QW. InGaN/GaN MQWs grown on 

a conventional sapphire substrate was also measured as a reference. The 

thickness of one pair InGaN/GaN in the MQW can be calculated from the 

angular separation between the 0th and 1st order fringes. The peaks at 34.56o 

in Fig. 5.9 are originated from the (002) plane of the underlying undoped 

GaN layer and the satellite peaks come from the InGaN/GaN MQWs. The 1st 

order peaks represent the average indium composition in the pair of 

InGaN/GaN layers. Therefore, the 1st order peaks as well as corresponding 

high order peaks are shifted toward the peak of the underlying GaN layer 

with increasing thickness of the GaN barrier in the MQWs, because the 

average indium composition of the InGaN/GaN pair decreases with the 

increase of the GaN barrier thickness. The diffraction peak having many 

well-defined satellite peaks in the X-ray diffraction result of the MQWs is 

believed to indicate that the interfaces between wells and barriers are 

abrupt.28 Based on this theoretical background, XRD peaks were simulated 

using “X’pert Epitaxy and smooth fit” simulation program (PANalytical) to 

evaluate the structure property of InGaN/GaN MQWs. Simulation peak (blue 

line in Fig. 5.9) has matched to the X-ray measurement peaks. From the 

simulation, the thicknesses of InGaN QW and GaN barrier are 2 nm and 6.5 

nm, respectively and indium composition in QW is 21 %. 

AFM measurement (4 x 4 µm2) was made to investigate the surface 

morphology and the TDD of the InGaN/GaN MQWs grown on both samples, 



125 

 

as shown in Fig. 5. 10. The root mean square (RMS) surface roughness of the 

GaN layer grown on the conventional sapphire substrate and on the sapphire 

membrane was found to be 1.6 and 1.7 nm, respectively. Counting the 

number of pits in the AFM image that correspond to the threading 

dislocations revealed that TDD of the GaN layer grown on the sapphire 

membrane was 1.9 x 108/cm2, which was half of 3.8 x 108/cm2 for GaN on a 

conventional sapphire substrate. Actually, TDD on the top of membrane is 

slightly reduced about 20 %, compared to the reference. Meanwhile, TDD in 

the wing region is significantly decreased by lateral overgrowth.29 

Fig. 5.11 shows the photoluminescence (PL) emission wavelength of the 

InGaN/GaN MQWs grown on a conventional sapphire substrate and the 

sapphire membrane. The emission peak wavelengths were 464 nm of both 

samples and the intensity from the MQWs on the sapphire membrane is twice 

higher than reference. This result comes from lower threading dislocation 

density (in Fig. 5. 10) as well as reflectance enhancement. We investigated 

the diffuse reflectance of the samples by collecting the light scattered at all 

angles by using an integrating sphere. The incident light has an angle of 7o 

from the surface normal. Fig. 5.12 shows that the total reflectance of the 

MQW on the sapphire membrane is higher than that of the reference and it 

was enhanced by about 35 % compared to the value of the reference. This 

enhancement is attributed to the light scattering at the sapphire membrane 

interface.  
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Figure 5.9 XRD omega-2theta diffraction measurements of the InGaN/GaN 

MQWs grown on stripe membrane (black), on conventional sapphire 

substrate (red) and simulation result (blue). 
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Figure 5.10 AFM measurements of the InGaN/GaN MQWs grown on a 

conventional sapphire substrate (left) and on the stripe membrane (right). 
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Figure 5.11 PL spectra of the InGaN/GaN MQWs grown on a conventional 

sapphire substrate (red) and on the sapphire membrane (black). 
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Figure 5.12 Diffuse reflectance spectra of the InGaN/GaN MQWs grown on 

a conventional sapphire substrate (red) and on the sapphire membrane (black). 
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5.3.4 Stress analysis 

 

Micro-Raman measurement was carried out for both samples and free-

standing GaN to compare the amount of strain in the layers, shown in Fig. 

5.13. The peak positions of E2-high mode were measured to be 570.3 cm-1 for 

GaN on the conventional sapphire substrate, 568.7 cm-1 for GaN on the 

sapphire membrane and 567.8 cm-1 for the free-standing GaN. Taking into 

account the stress coefficient of 4.3 cm-1/GPa of GaN23, the compressive 

stress was calculated to be 0.21 GPa for GaN on the sapphire membrane and 

0.58 GPa for GaN on the conventional sapphire substrate (Table 5.1). The 

reduction of stress in the GaN layer which was caused by the void at the 

interface between GaN and sapphire substrate, already describe in Chap. 3.  

Raman line scan measurement was also performed to investigate stress 

distribution in GaN layer grown on 2 µm-2 µm stripe pattern. He-Ne laser 

with 632 nm was used as the excitation source and beam spot size is 1 micro 

meter. Raman spectra on the top and spacing region were recorded. The 

spatial dependences of E2-high peak position and intensity are shown in Fig. 

5.14. Stress relaxation is achieved in the ELO spacing region and a difference 

in compressive biaxial stress is 0.07 GPa determined from the E2-high peak 

position difference between the top and spacing region. Raman intensity 

increases due to higher crystal quality in the spacing region, which 

corresponds to lower dislocation density in AFM image (in Fig. 5.10). 

The in-plane stress anisotropy was confirmed by FSM stress 

measurement tool. The laser scans the surface of the wafer as the beam is 

reflected by the wafer surface and detected by a precision position detector. 

Detected laser beam determines the height of each position on the wafer, 



131 

 

measuring the curvature. Using FSM stress measurement tool, GaN layer on 

the sapphire membrane was measured twice along [112� 0] and [11� 00] 

direction of GaN as shown in Fig. 5.15. Radius of curvature and height along 

[11�00] direction of GaN which is perpendicular to the stripe pattern are 

measured to be 100.1 m and 3.12 µm, whereas radius and height along [112�0] 

direction which is parallel to the stripe pattern are 11.5 m and 27.2 µm, 

respectively. This result shows the anisotropic bow in the wafer, indicating 

the anisotropic stress in GaN layer. Stress is effectively relaxed along the 

perpendicular direction of the stripe pattern, whereas the other direction is not. 

Stress in the GaN layer can be calculated using Stoney’s formula31-33 and the 

values of stress along each direction are calculated to be 89 MPa for 

[11�00]GaN and 774 MPa for [112�0]GaN, respectively. 
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Figure 5.13 Raman spectra of the GaN layers grown on a conventional 

sapphire substrate (red) and on the sapphire membrane (blue) and 

freestanding GaN (black). 
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Table 5.1 Raman shift and calculated stress. 
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Figure 5.14 Raman line scan measurement spectra (peak position and 

intensity) of the GaN layer grown on the sapphire membrane. 
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Figure 5.15 Anisotropic wafer bow of the GaN layer grown on the sapphire 

membrane. 
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5.3.5 Linearly polarized emission of InGaN/GaN MQW structure 

 

GaN layers grown along c-plane which are usually unstrained or 

isotropically strained, do not exhibit any anisotropic polarized emission. 

However, we found that c-plane GaN grown on the stripe pattern has an 

anisotropic stress. The in-plane polarized emission can be enhanced by 

anisotropic stress. Previously, for anisotropically strained c-plane GaN layers 

on a-plane sapphire, the in-plane polarization properties have been 

reported.34-36 The optical properties of semiconductors are mainly governed 

by the electronic band structure (EBS) in the vicinity of the absolute valence 

band maximum and conduction band minimum. In heteroepitaxial layer, the 

EBS of the material can be strongly modified because of the strain induced 

by the lattice mismatch or the thermal expansion mismatch between the layer 

and substrate. It is important to determine the dependence of the EBS 

modification on in-plane strain in order to correctly predict the optical 

transition energy and polarization property of the strained layer.37 

To measure the polarization ratio of the light emission from the sample, a 

rotational linear polarizer is placed between the sample and photo-detector, as 

shown in Fig. 5.16. The different polarizations of light are detected by 

rotating the linear polarizer in line with the designed direction of polarization. 

Each x, y and z direction corresponds to [11�00], [112�0] and [0001] directions 

of GaN. Figure 5.17 shows the PL spectra for two polarization directions of 

the photoluminescence. The spectra are measured for light polarized parallel 

to x (E // x) and for parallel to y (E // y). For these measurements, the 

polarizer is kept between the monochromator and the sample. The intensity 

for E // x is much higher than the one for E // y. We also obtained the 
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polarization ratio from the top emission of MQWs on sapphire membrane by 

measuring PL intensity depending on polarizer angle as shown in Fig. 5.18. 

PL intensities of E // x and E // y were also measured to calculate the 

polarization ratio. Definition of polarization ratio, ρ is (IE//x – IE//Y)/ (IE//x + 

IE//Y), where I is normalized PL intensity. Polarization ratio of MQWs on the 

sapphire membrane was calculated to be 0.75. 

 

  



138 

 

 

Figure 5.16 Schematic image of the measurement system of linearly 

polarized emission. 
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Figure 5.17 Polarization PL spectra of MQWs on the sapphire membrane at 

RT. 
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Figure 5.18 Measured PL intensity of MQWs on sapphire membrane as a 

function of the orientation angle of a rotating linear polarizer. 
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5.4. Summary 

 

In this chapter, we successfully grew the coalesced GaN layer and 

InGaN/GaN MQWs structure on 2 µm - 2µm stripe sapphire membrane. The 

photoluminescence intensity from the MQWs on the sapphire membrane is 

twice higher than the one from reference. This result comes from lower 

threading dislocation density as well as reflectance enhancement. We also 

studied the in-plane stress anisotropy in GaN layer by using FSM stress 

measurement tool and this anisotropic stress results in the in-plane 

polarization anisotropy in photoluminescence emission for MQWs on the 

stripe sapphire membrane. The result of in-plane polarization anisotropy can 

be explained in terms of the valence band structure modification. The degree 

of polarization is determined and is as high as 0.75. 
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Chapter 6. Conclusion 

 

In this study, for the high crystal quality and lower wafer bow in GaN 

layer grown on the sapphire substrate, cavity engineered sapphire substrate 

(CES) is proposed. The study includes the growth of GaN layers on various 

types of CES. 

Less strained and less bowed GaN layer was grown on CES which was 

fabricated by conventional photolithography and atomic layer deposition. The 

reduction of compressive stress of GaN layer is examined by laser scanning 

technique and FE simulation. The tendency of stress reduction depending on 

the void volume fraction in GaN layer was also determined using various size 

s of CES which has different void volume fraction. The stress decreases 

about 35% for 40.3% of void volume fraction compared to the GaN layer on 

conventional sapphire substrate. FE simulation and experimental results show 

similar tendency in the stress reduction depending on void volume fraction, 

and the compressive stress is relaxed at the surrounding of cylindrical shell 

from the FE simulation result. 

In application of CES, we realized an ultra-thin 26 nm thick sapphire 

membrane and studied its effect on the growth of GaN by MOCVD. The 

reconstructed TEM image by Fourier filtering revealed that the density of 

misfit dislocation per unit length in GaN on the sapphire membrane 

decreased by 28 % compared to GaN on the conventional sapphire substrate. 

CL measurement showed that the TDD was reduced down to 2.4 x 108 /cm2 

in GaN on the sapphire membrane, which is due to the reduction of misfit 

dislocations. The reduction of stress and the enhanced emission efficiency in 



146 

 

GaN on the sapphire membrane were confirmed by XRD ω-2θ measurement, 

Raman peak shift and PL measurement. 

Finally, we successfully grew the coalesced GaN layer and InGaN/GaN 

MQWs structure on the stripe sapphire membrane. The photoluminescence 

intensity from the MQWs on the sapphire membrane is twice higher than the 

one from reference. This result comes from lower threading dislocation 

density as well as reflectance enhancement. We also studied the in-plane 

stress anisotropy in GaN layer by using FSM stress measurement tool and 

this anisotropic stress results in the in-plane polarization anisotropy in 

photoluminescence emission for MQWs on the stripe sapphire membrane. 

The result of in-plane polarization anisotropy can be explained in terms of the 

valence band structure modification. The degree of polarization is determined 

and is as high as 0.75. 
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국 문 초 록 

 

GaN 성장은 경제적, 기술적인 이유로 동종 기판을 사용한 

에피성장이 불가능하기 때문에 주로 이종기판을 사용하여 성장이 

진행된다. 이종 기판으로 가장 많이 사용되는 기판은 사파이어 

기판이지만 격자상수 차이와 열팽창계수 차이로 인해여 많은 

문제점들이 발생하게 된다. 가장 큰 문제점은 격자상수 차이로 

인하여 소자에 효율과 신뢰성에 악영향을 미치는 수많은 결정 

결함이 GaN 내부에 발생하게 되고 또한 열팽창계수 차이로 인해 

성장 후 냉각 과정에서 GaN 층에 압축응력이 작용하게 되며 이에 

wafer 의 휨 현상이 발생한다. Wafer 의 휨 현상은 사파이어 기판의 

대면적화를 어렵게 하며, 휨을 줄이기 위해 두꺼운 기판을 

사용하게 되면 원가비용 상승의 문제점이 발생하게 된다. 이러한 

문제점을 해결하고자 본 연구에서는 cavity engineered sapphire 

substrate (CES)를 제작하였고 그 위에 유기금속화학증착장비를 

사용하여 GaN 을 성장시키고 분석을 진행하였다. 

일반적인 photolithography (PR) 기법과 원자층증착장비을 활용하여 

CES 구조를 제작하였으며, 이때 PR 은 희생층 역할과 CES 구조의 

기본 형태를 잡아주게 된다. 비정질 알루미나는 PR 패턴 위에 

증착하며 이후 중공구조물의 껍질을 형성하게 되고 이후 열처리를 

통해 사파이어 기판과 같은 결정 구조를 갖는 알파상으로 결정화가 

일어나게 된다. 이렇게 제작된 CES 위에 GaN 성장을 진행하였고 
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레이저 스캔 기법으로 기판의 휨을 측정하여 GaN 내부의 응력을 

계산하였다. 그 결과 CES 구조를 도입하여 GaN 을 성장시켰을 때 

기존 방법 대비 약 35%의 응력을 감소시키는 결과를 얻을 수 

있었다. 

본 기술을 응용하여 compliant 기판을 제작하고 결함 감소의 

연구도 진행하였다. Compliant 기판이란 박막보다 얇은 기판을 

이용하여 박막의 결정 결함을 줄이기 위해 사용되며, 본 

연구에서는 원자층증착장비의 증착 횟수를 조절하여 26 nm 두께의 

사파이어 멤브레인을 제작하였다. 그 위에 GaN 를 성장하고 결정 

결함 분석을 진행하였다. 고분해능 투과전자현미경 분석을 통해 

계면에서의 misfit dislocation 을 관찰하였으며, 그 결과 GaN 과 

사파이어 멤브레인 계면에서의 misfit dislocation 의 밀도가 사파이어 

기판을 사용하였을 경우보다 28 % 감소하였고, 또한 GaN 표면으로 

올라오는 threading dislocation 의 밀도 또한 25 % 감소하였다. 또한 

매우 얇은 멤브레인을 기판으로 사용함으로써 GaN 내부응력이 

매우 낮아진 것을 Raman 과 PL 분석을 통해 확인할 수 있었다. 

추가적으로 사파이어 멤브레인의 스트라이프 패턴을 이용하여 

c 면 InGaN/GaN MQW 에서의 편광 발광을 구현하였다. 빛의 

편광성은 LCD 의 백라이트나 통신 등에 응용될 수 있다. 본 

연구에서는 스트라이프 패턴을 이용함으로써 GaN 평면 내 

이방성의 응력이 발생되며, 이는 가전자대의 분리를 야기시킨다. 
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이로 인해 그 위에 성장된 InGaN/GaN MQW 활성층에서 편광 

발광이 관측되게 되며 편광률은 0.75 로 측정되었다. 
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