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Abstract 

 

Group III nitride semiconductors are promising materials for high efficiency light emitting 

devices because of their excellent properties. Single crystalline sapphire substrates have been 

used to fabricate GaN-based devices owing to their high thermal stability and high crystalline 

quality. On the other hand, the applications of GaN-based devices have been limited by the 

unavailability of large crystals and the high fabrication cost of sapphire substrates. Therefore, 

many researchers have worked to develop new substrates, such as amorphous SiO2, metal foils, 

and other oxide crystals. Amongst these studies, flat glass is an ideal substrate material for 

future LEDs because of its scalability and low cost. Despite the advantages of glass, there are 

two serious problems that have impeded its use as a substrate for GaN films. The first problem 

is the amorphous nature of glass, where GaN films grown on glass have poor crystalline quality. 

To overcome this problem, the introduction of crystalline buffer layers is required before the 

growth of GaN films. Graphene is a suitable material as the buffer layers for the GaN growth, 

because large-area multi-layer graphene films with highly c-axis oriented structures are 

available and can be transferred easily to glass substrates. The second problem is the low 

softening temperature of glass. Glass cannot be used as a substrate for GaN growth because the 

substrate temperature for GaN growth is normally above 1000C in conventional metalorganic 

chemical vapor deposition (MOCVD). Fortunately, recent progress in epitaxial growth 

techniques based on pulsed sputtering deposition (PSD) has enabled the growth of group III 

nitrides, even at room temperatures. This successful reduction in growth temperature is 

attributed to the high kinetic energy and the pulsed supply of group III atoms, which assist the 
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surface migration of the film precursors on the substrate surfaces. This striking nature of PSD 

might allow the fabrication of nitride devices even below the softening temperature of flat glass 

in the future. 

Therefore, this study assessed the feasibility of nitride crystal growth on SiO2 with MLG 

buffer layers grown by PSD as well as the application of this structure to the fabrication of 

LEDs. The structural characterization of the GaN films on these substrates showed that the use 

of a multi layer graphene (MLG) buffer layer imposes regularity on amorphous substrates and 

c-axis oriented group III-nitride films can be grown on the MLG buffer layers. It was also found 

that an insertion of AlN interlayers dramatically improves the phase purity and leads to 

formation of high quality wurtzite GaN. With the help of thermally oxidized AlN layers, GaN 

films grown on AlOx/AlN/MLG/SiO2 showed Ga-polar. In-situ and ex-situ strain measurements 

of GaN grown on graphene showed that a small amount of strain is accumulated on GaN films. 

Because of the two-dimensionality of graphene, most of the strain that is generated by the lattice 

mismatch between MLG and nitrides is absorbed on the topmost layer of the MLG and a small 

amount of strain remains in the GaN films. Group III-nitride LEDs were grown successfully on 

amorphous SiO2 substrates with MLG buffer layers. The LEDs exhibited clear EL emissions 

and the color of the LED changed from blue to red when the growth temperature of the MQWs 

was reduced. 

The author developed the growth process of high quality group III nitride films on 

amorphous substrate at low growth temperature. The author extracts the following essentials for 

obtaining high-quality group III nitride crystalline films on amorphous substrates from these 

results: use of two dimensional MLG buffer layers, formation of abrupt interfaces between 
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group III nitrides and MLG, and polarity control of the GaN films.  

By demonstrating that full-color LEDs can be fabricated on amorphous substrates, we 

suggest that since sputtering is very frequently used in the liquid crystal display industry, it is an 

established process that could be adapted to fabricate large-area inorganic LED displays on 

glass substrates. It should also be noted that state-of-the-art technology in the glass industry can 

offer roll-to-roll processing of flexible glass foils. The combination of these techniques can lead 

to the development of large-area flexible inorganic devices in the future. 
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Chapter 1  

Introduction and Background 

 

1.1 Group III-nitrides 

 

Over the past two decades, group III-nitrides, such as AlN, GaN, InN and their alloys, have 

attracted considerable attention owing to their wide-range of direct band gap, physical stability 

and chemical stability. The wide range band gap makes the group III-nitrides ideal materials for 

optical devices operating in the near-infrared (NIR) to ultraviolet (UV) spectral region. The 

bandgap varies from 0.65 eV for indium nitride (InN), 3.40 eV for gallium nitride (GaN), to 6.2 

eV for aluminium nitride (A1N) (Figure 1-1) [1.1–1.6]. Such a wide range band gap allows the 

group III-nitrides to have a broad range of applications in optoelectronic devices, such as light 

emitting diodes (LED), laser diodes (LD), and solar cells. Therefore, research efforts in this 

field have made rapid progress toward material growth and device fabrication [1.7–1.12].  
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Figure 1-1 Band gap of group III-nitrides as a function of their lattice constants. 

 

In addition, group III-nitrides are thermally, mechanically and chemically stable materials 

compared to conventional semiconductors, such as Si and GaAs [1.13]. In particular, the good 

thermal stability is due to the high bonding energy. Therefore, group III-nitrides electronic 

devices are capable of operating at high temperatures and in harsh environments.  

Group III-nitrides can be grown either in the stable wurtzite (hexagonal) phase or 

metastable zincblende (cubic) phase depending on the growth conditions [1.14]. The wurtzite 

structures have hexagonal unit cells, with two lattice constants a and c, whereas the zincblende 

structures have cubic unit cells with equal lattice constants in the three perpendicular directions 

(Figure 1-2). AlN, GaN and InN have different lattice constants and band gaps owing to 

differences in ionic radii (i.e. Al3+: 0.39 Å, Ga3+: 0.47 Å, In3+: 0.79 Å). Table 1-1 lists the lattice 

constants and band gap of group III-nitrides [1.15]. 

0

1

2

3

4

5

6

7

3.0 3.2 3.4 3.6 

B
a
n

d
 g

a
p

 e
n

e
rg

y
 (

e
V

)

Lattice constant(Å)



10 

 

 

 

Figure 1-2 Atom arrangement in (a) wurtzite (hexagonal) and (b) zincblende (cubic) 

structures. 

 

 

Table 1-1 Lattice constants and band gaps of AlN, GaN and InN [1.15].  

 

Because group III-nitrides do not have inversion symmetry, the wurtzite group III-nitrides 

have polar axes. The most common growth direction of nitride is the <0001> direction, which 

causes polarity along the <0001> direction. The bulk and surface properties mainly depend on 

which are faced by nitrogen or metal atoms. The atoms are stacked in bilayers consisting of two 

close hexagonal layers, one with cations and the other with anions, so that the bilayers can form 

polar faces. Ga-polarity means that Ga is placed on the top position of the [0001] bilayers, 

whereas N-polarity means that nitrogen is placed on the top position of the [0001] bilayers. 

120

c

a

c

c

b

c

a

a

Ga, Al, In

N

wurtzite zincblende wurtzite zincblende wurtzite zincblende

a  (Å) 3.11 4.38 3.19 4.50 3.54 4.98

c  (Å) 4.98 5.18 5.71

Energy gap (eV) 6.00 5.10 3.39 3.20 0.70 0.56

AlN GaN InN
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Ga-polarity does not mean Ga-terminated, as shown in Figure 1-3. Termination should only be 

used to describe a surface property. Note that the polarity of [0001] differs from that of the [000

1
_

] direction. 

 

 

Figure 1-3 Polarity of wurtzite GaN (a) Ga-polarity and (b) N-polarity. 

 

1.2 Growth technique for the heteroepitaxial growth of group 

III-nitride films 

 

1.2.1 Heteroepitaxial growth of group III-nitride films 

 

The best way to obtain high quality group III-nitride films is through the growth of nitride 

bulk substrates for homoepitaxy. On the other hand, there are considerable problems with the 

nitride bulk substrates for single crystal growth. These include excessive processing cost, 

prolonged process time and small substrate size. These issues have led to the use of foreign 

substrates for growing group III-nitride heteroepitaxially. Therefore, obtaining a suitable 
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substrate for the heteroepitaxial growth of III-nitride is critical in the development of 

nitride-based devices. To date, sapphire is the most commonly used substrate for nitride growth 

owing to its hexagonal symmetry, ease of surface cleaning, and high temperature stability 

(~1000 °C). Nevertheless, the use of sapphire could lead to large lattice mismatches and 

differences in the thermal expansion coefficients between the group III-nitrides and sapphire 

substrates. For example, the lattice mismatch between sapphire and GaN film is approximately 

16%, as shown in Figure 1-4. The thermal expansion coefficient between sapphire and GaN film 

is approximately 26–34% [1.16]. These two phenomena generate strain and stress in group 

III-nitride films, which may cause problems, such as cracking of the substrate and group 

III-nitride films, and increase in the dislocation density. Moreover, the use of sapphire often 

restricts the application of GaN-based devices because of the limited availability of large-scale 

sapphire substrates. Therefore, to replace the sapphire substrates, many studies have focused on 

the development of new substrates, such as amorphous SiO2, metal foils, and other oxide 

crystals [1.17–1.21]. 
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Figure 1-4 Lattice mismatch between sapphire and GaN film. 

 

1.2.2 Metalorganic chemical vapour deposition (MOCVD) 

 

Metalorganic chemical vapour deposition (MOCVD) uses the pyrolysis of vapour-phase 

mixtures of various chemical precursors in forming thin films of various materials [1.22]. The 

growth of group III-nitride films with the MOCVD process generally uses vapour phase 

mixtures of group III metalorganic and group V sources in a carrier gas. The carrier gas is 

typically purified H2 or N2. Growth is carried out in an open-tube process chamber as shown in 

Figure 1-5. The MOCVD process involves series of complicated gas phase and surface 

reactions.  
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Figure 1-5 Schematic diagram of the chemical vapour deposition process. 

 

The growth of group III-nitride films by MOCVD requires a minimum deposition 

temperature to ensures the mobility of surface species during the growth of group III-nitride 

films. Trimethylgallium (TMG), the conventional MOCVD precursor adopted for GaN growth, 

begins to pyrolyze at temperatures higher than 450 C. GaN films with the best electrical and 

optical properties are grown at 1050 C [1.23]. 

 

1.2.3 Pulsed sputtering deposition (PSD) 

 

PSD is a physical deposition method that uses pulsed plasma as the excitation source. This 

technique is based on the ion bombardment of a source target plate, which is bombarded by 

energetic ions generated in glow discharge plasma. The bombardment process causes the 

sputtering of target atoms, which may then condense on the substrate as film (Figure 1-6). The 

growth of group III-nitride films is attributed to the high kinetic energies that facilitate the 
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surface migration of the film precursors over the substrate surface. Therefore, this technique can 

be classified as a physical vapour deposition technique [1.24].  

 

 

Figure 1-6 Schematic diagram of the sputtering deposition. 

 

Recent progress in low-temperature epitaxial growth techniques based on pulsed sputtering 

deposition (PSD) has enabled to grow group III-nitrides, even at room temperature [1.25–1.26]. 

The successful decrease in the growth temperatures in PSD has been attributed to the high 

kinetic energy and the pulsed supply of the group III atoms, which facilitates in the surface 

migration of the film precursors at the substrate surfaces [1.27]. The use of pulsed supply of 

group III atoms enhances the migration at the substrate surfaces, which in turn leads to the 

formation of epitaxial films with high crystalline quality. 
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1.3 Growth of group III-nitride on amorphous glass substrate 

 

Among the many novel substrate candidates for group III-nitride films, flat glass is a 

promising substrate material because of its large-area scalability and low manufacturing cost. 

Furthermore, glass substrates are suitable materials for flat light sources including the backlight 

for liquid crystal displays (LCDs) because of their low cost, versatility and transparency. 

Despite the advantages of glass substrates, GaN films on glass have not yet been used in 

practice because of the following two serious problems.  

The first problem is the low operating temperature of glass: the softening temperature of 

general glass materials is less than 500C. The substrate temperature for GaN growth is 

normally higher than 1000C in conventional metalorganic chemical vapour deposition 

(MOCVD). Therefore, glass cannot be used as a substrate to grow GaN by ordinary MOCVD. Y. 

J. Hong et al. proposed GaN growth on soda lime glass by the heteroepitaxial coating of GaN 

on ZnO nanorods using a local microheating method as shown in Figure 1-7 [1.28]. Y. J. Hong 

et al. introduced molybdenum (Mo) microheater arrays consisting of a number of heater units 

connected in parallel and series between two common electrodes. Using this growth method, 

GaN/ZnO nanorod heterostructures were produced with single crystallinity with clean and 

abrupt interfaces. On the other hand, microbridge heaters need to be installed on glass substrates 

to implement the growth method, which limits the use of glass as substrate material. 
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Figure 1-7 Schematic diagram of the fabrication process for obtaining GaN/ZnO coaxial 

nanorod heterostructures on glass substrates using the microheating method [1.28]. 

 

The second problem with the glass substrates is the amorphous nature of glass, which leads 

to poor crystalline quality of GaN films grown on glass. Despite the advantages of glass 

substrates, growing group III-nitrides directly on amorphous glass substrates has been hampered 

by the lack of an epitaxial relation. Group III-nitrides grown on glass have random orientations 

because of the amorphous property of glass. To solve this problem, Jun Hee Choi et al. 

fabricated nearly single-crystal GaN pyramid arrays on amorphous fused-silica glass substrates 

[1.29]. J. H. Choi et al. developed a process that uses a ‘pre-orienting layer’ and SiO2 mask 

layers to achieve nearly single-crystal GaN pyramid arrays on amorphous fused silica glass 

substrates. J. H. Choi et al. used vacuum-evaporated, thin-film titanium grown on amorphous 

fused silica glass substrates and low-temperature GaN as the pre-orienting and nucleation layers, 

respectively. They chose titanium because it has the same hexagonal crystal lattice structure as 

wurtzite GaN and a relatively small lattice mismatch. The sample structure of this group 

consisted of high temperature (HT)-GaN/hole-patterned SiO2/low temperature 

(LT)-GaN/Ti/fused silica glass, as shown in Figure 1-8. Even with this process, HT-GaN was 
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grown at approximately 1040 C by MOCVD. Conventional glass cannot tolerate such a high 

growth temperature. 

 

 

Figure 1-8 Schematic diagram of GaN grown on fused silica glass [1.29]. 

 

As described above, it is impossible to use glass as a group III-nitride substrate because of 

its softening temperature and amorphous property.  

 

1.4 Growth of group III-nitride with a graphene layer 

 

1.4.1 Graphene  

 

Graphene is a two-dimensional material, which is based on hexagonally arranged carbon 

atoms. Graphene is held together with sp2 bonds between the carbon atoms separated by a 

distance of approximately 1.4 Å with strong in-plane bonding and a-lattice parameter of 

graphene is 2.85 Å, as shown in Figure 1-9 [1.30]. Graphene is a promising material for device 
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applications because of its excellent properties, which is often also valid for bilayer and 

few-layer graphene. Graphene is the base of graphite, which is constructed from stacked 

one-atom thick layers. The interlayers are held mainly by weak van-der Waals forces compared 

with the strong in-plane bonding. Therefore, glass substrates can be a proper solution by 

introducing crystalline graphene buffer layers between the amorphous glass substrate and GaN 

films.  

 

 

Figure 1-9 Schematic diagram of a graphene layer. 

 

In 2004, Konstantin Novoselov and Andre Geim discovered a new method to produce only 

one-atom thick high quality graphene, through mechanical exfoliation with scotch tape from 

highly oriented pyrolytic graphite (HOPG). Their method suggests ways to produce pure 

graphene under experimental conditions [1.31]. On the other hand, the exfoliation method limits 

the size and amount of graphene. Many groups have developed a variety of methods to 

overcome these limitations, such as the reduction of graphene oxide [1.32], epitaxial graphene 

growth on SiC substrates [1.33], and graphene growth on metal substrates [1.34–1.39]. Among 

these methods, the chemical vapour deposition of graphene has the advantage of being able to 

1.4Å
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provide large-size and relatively uniform graphene films, e.g. 30 in roll-based graphene films 

[1.40]. 

Although there are many concerns regarding the use of graphene as a conducting electrode 

for group III-nitride LEDs [1.41–43], it is less likely that graphene can be used as the interlayer 

or substrate for group III-nitride because the pristine graphene surface lacks chemical reactivity. 

Therefore, the use of graphene necessitates additional surface treatment. 

 

1.4.2 GaN growth on graphene layers with ZnO nanowalls 

 

Kunook Chung’s group fabricated transferable GaN thin films and LEDs using 

graphene-layered sheets [1.44–1.45]. Oxygen plasma treatments were applied to a graphene 

surface and vertically aligned ZnO nanowalls were grown on the grapheme surfaces by 

MOCVD. GaN islands can be grown along the graphene step edges and oxygen plasma 

treatment can produce graphene step edges as shown in Figure 1-10. The graphene step edges 

generated by oxygen-plasma lead to the formation of high density vertically aligned ZnO 

nanowalls. Low-temperature (LT, 540–600 C) GaN films grow on the ZnO nanowalls by lateral 

overgrowth. Subsequently, high temperature GaN films were grown at 1080-1100 C. 

 

Figure 1-10 Schematic diagrams of the fabrication processes for GaN [1.44]. 
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The oxygen plasma-treated graphene and the complex semiconductor interface of such an 

approach certainly have significant trap centres for carriers that degrade the performance. 

Therefore, the ability to grow group III-nitrides directly on the graphene with minimal interface 

defects is essential for high performance devices.  

The height of the ZnO nanowalls is 200–400nm and the thickness of LT GaN has to be 

more than the height of the ZnO nanowalls. When the LT GaN thickness is smaller than the 

height of the ZnO nano wall, unintended interactions can take place between the ZnO nanowall 

and GaN at high growth temperatures. Compared with the conventional thickness of the LT 

GaN buffer layer (less than 100 nm), the thickness of LT GaN in this method is too high to 

obtain high quality GaN. Moreover, the growth temperature of GaN is greater than 1000C, 

which is too high to grow group III- nitride on glass substrates. 

 

1.4.3 GaN growth on functionalized epitaxial graphene  

 

Neeraj Nepal’s group reported the growth of epitaxial GaN films by MOCVD on 

functionalized epitaxial grapheme (EG) using a thin conformal AlN nucleation layer, as shown 

in Figure 1-11 [1.46]. Growing group III-nitrides directly on graphene is challenging because 

there are no dangling bonds on the surface of graphene to promote bonding with foreign atoms. 

As a result, functionalization methods were used to modify the graphene surface promote bond 

formation and create pristine graphene surfaces without any surface damage.  

EG was grown on 4 4H-SiC samples using the Si sublimation method. EG/SiC was 

patterned with SiNx deposited by plasma enhanced CVD. This patterned EG was functionalized 
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using pulses of XeF2 plasma to form approximately 6–7% ‘semi-ionic’ C–F bonds. Atomic layer 

epitaxy (ALE) enables the growth of thin (~11 nm) and uniform AlN layers at low temperature 

(280 C), which is required to preserve the essential fluorine functional groups. GaN was then 

grown by MOCVD.  

 

 

Figure 1-11 Schematic diagram showing GaN/AlN/graphene/SiC layers [1.46]. 

 

The functionalization has been applied to EG layers grown on SiC substrates. This method 

cannot be used for growing crystalline graphene buffer layers for glass substrates.  

 

1.4.4 MOVPE growth of semi-polar group III-nitride on CVD graphene 

 

Priti Gupta's group reported the growth of group III-nitride semiconductor layers on 

graphene grown by CVD [1.47]. GaN, AlGaN alloys and InN layers were grown by metal 

organic vapour phase epitaxy (MOVPE) using an AlN nucleation and a buffer layer. 
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The lack of chemical reactivity of the graphene surface interrupted the flat and smooth 

GaN film surface growth. The direct growth of GaN on graphene surfaces induced a plethora of 

Ga droplets and a mass of facetted GaN. Therefore AlN layers were used as a buffer for GaN 

growth because of the higher sticking coefficient and much shorter diffusion length of Al 

adatoms on the surface [1.48]. The deposition of low-temperature (800 C) AlN provides a 

conformal nucleation layer on which an AlN buffer layer can be grown. Subsequently, GaN is 

grown at 1040 C on an AlN buffer layer. Figure 1-12 shows the structure of the GaN grown on 

graphene with an AlN buffer and a nucleation layer. 

 

 

Figure 1-12 Structure of GaN grown on graphene with an AlN layer [1.47]. 

 

This group succeeded in growing semipolar group III-nitrides. Semipolar oriented layers 

can be obtained by controlling the growth conditions. Other groups ([1.43-1.45]) reported the 

growth of c-axis orientated ((0001) orientated) wurtzite group III-nitride films. Although AlN 

buffer and nucleation layers are inserted between GaN and graphene, GaN showed poor surface 
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morphology and crystal quality. Moreover, the growth temperatures (800~1040C) are higher 

than the process temperature of glass. Therefore, this method cannot be used with a glass 

substrate. 

 

 

1.4.5 One-step graphene coating of heteroepitaxial GaN films 

 

Jae-Kyung Choi’s group reported the use of graphene as the coating layer in the one-step 

growth of heteroepitaxial GaN films on sapphire substrates in a MOCVD reactor, as shown in 

Figure 1-13 [1.49]. With increasing graphene coating layer thickness, the structural and optical 

properties of one-step grown GaN films approach those of GaN films grown with the 

conventional two-step growth method. The ultrathin graphene layers greatly improve the 

wetting between the sapphire surface and the GaN film. 

 

 

Figure 1-13 Scheme of the one-step growth of epitaxial GaN films [1.49]. 
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Epitaxial GaN films cannot be grown on pristine graphene layers because of their chemical 

stability. GaN films on graphene coating layer have epitaxial relation with the underlying 

sapphire substrate. Therefore, this method is unsuitable for GaN growth on an amorphous 

substrate. 

 

1.5 Growth of group III-nitride with hexagonal boron nitride (h-BN) 

 

Y. Kobayashi’s group reported that they used single-crystal h-BN as the buffer and release 

layer for growing of group III-nitride films with MOVPE [1.50]. GaN directly grown on the 

h-BN buffer layer had a rough and irregular island-shaped surface morphology, and was 

polycrystalline. XRD measurement revealed that GaN 101
_

0, 0002, and 101
_

1 diffractions was 

observed, indicating the crystal structure of the GaN layer was polycrystalline. This 

polycrystalline GaN was also observed in the case of polycrystalline h-BN buffer layers [1.51]. 

The insertion of an AlN or AlGaN layer between the h-BN layer and GaN layer improves the 

surface morphology and crystalline quality of nitride films. The single-crystal h-BN layer with 

atomically flat surface enables the growth of AlGaN/GaN heterostructures and InGaN-based 

multiple quantum wells (MQWs) and LEDs structures and the release of these structures from 

the host sapphire substrates and their transfer to foreign substrates.  
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Figure 1-15 Structure of GaN grown on sapphire with h-BN layer [1.50]. 

 

Y. Kobayashi’s group used the MOVPE technique to grow group III-nitride films. The 

growth temperature of the films had a lower limit that was higher than the glass transition 

temperature. Hence, this technique cannot be applied to glass substrates. 

For LEDs driven by constant current source, the light output drops with increasing 

temperature. This means that thermal managements are needed and high thermal conductivity is 

one of the important characteristics of the LED. On the other hand, the room-temperature, 360 

Wm−1K−1 thermal conductivity of h-BN is lower than the ≥2000 Wm−1K−1 thermal conductivity 

of multi-layer grapheme (MLG) [1.52–1.54]. Therefore, during LED operation, h-BN 

accumulates more heat than MLG and increases the device temperature. 

The shortcoming of this method is the use of single crystal h-BN. Polycrystalline GaN 

films grow on polycrystalline h-BN films with random in-plane orientations, which are 

unsuitable for growing LED structures. To date, the grown single crystal h-BNs are 

approximately several square centimetres, which limits the use of single crystal h-BN [1.55]. 
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1.6 Purpose of this study 

 

Group III-nitrides (AlN, GaN and InN) have been studied extensively because of their 

excellent properties, such as the wide-range band gap energy (0.65–6.2 eV), direct transition 

band structure, high breakdown field and high thermal stability. Many studies on the 

heteroepitaxial growth of group III-nitrides have been performed. Considerable research efforts 

have contributed to the successful epitaxial growth of group III-nitrides with high crystalline 

quality on sapphire substrates. On the other hand, sapphire substrates limit the performance of 

nitride devices because of the scarcity of large crystals and the high fabrication cost. Glass is an 

effective substrate for future LEDs because of its scalability and low cost. GaN films on glass 

substrates, however, have not been used in practice because of glass amorphous nature and low 

softening temperature. The epitaxial growth of high quality group III-nitride films on glass 

substrates has not been achieved. The introduction of a crystalline buffer layer and low 

temperature group III-nitride growth techniques may solve the glass substrate problems. Several 

groups have reported the growth of group III-nitride on amorphous substrates using an extra 

heating apparatus, local pyramid arrays, and graphene layers. On the other hand, they did not 

simultaneously solve all the problems, e.g. low growth temperature and amorphous nature of the 

glass substrate which has limited the use of amorphous glass substrates to date. 

The motivation for this study was to fabricate high quality group III-nitride films on 

amorphous substrates and assess their application to LEDs. PSD techniques were used to grow 

group III-nitrides on amorphous SiO2 substrates with MLG as the crystalline buffer layer and 

LED structures were fabricated. 
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 The aims of this study were the follow. 

 

1. Growth of group III-nitrides on amorphous substrates with MLG buffer layers by PSD. 

2. Characterization of the group III-nitride films grown on the MLG buffer layers. 

3. Fabrication of a LED structure that covers the entire visible light region from blue to red 

on amorphous SiO2 substrates with MLG buffer layers.  

In chapter 1, I provide a brief introduction to the concepts relevant to the study of the 

heteroepitaxial growth of group III-nitrides. In this chapter the growth of group III- nitride 

films on several substrates is briefly discussed.  

In chapter 2, I present the results for group III-nitrides grown on amorphous SiO2 

substrates with MLG buffer layers by PSD. The growth of c-axis oriented GaN and AlN films is 

verified. The direct growth of GaN on MLG buffer layers results in the coexistence of both 

zincblende and wurtzite phases of GaN. The insertion of AlN interlayers between the MLG 

buffer layers and GaN films improves dramatically the phase purity of wurtzite GaN in the films. 

The use of AlN interlayers with and without surface oxidization, leads to the formation of Ga- 

and N-polar GaN films, respectively. 

In chapter 3, I discuss the strain generation in the GaN films, which are grown by PSD. An 

In- situ strain measurement system for group III-nitride films grown by PSD, which is based on 

measuring the curvature induced in the substrate by the strained film, was developed. In this 

study, both In- situ and ex- situ strain measurements were performed. As a result, the change in 

beam separation during GaN growth on SiO2 with MLG buffer layers was quite small, 

indicating small strain in the GaN films. Because of the two-dimensionality of graphene, the 



29 

 

topmost layer of MLG was extended to have a longer lattice constant close to that of GaN. 

Chapter 4 covers the fabrication of the LED structure on amorphous SiO2 substrates with 

MLG buffer layers. The LEDs fabricated on the GaN films with MLG buffer layers exhibited 

clear EL emissions from blue to red. The colour of LEDs on SiO2 with MLG buffer layers was 

adjusted by changing the In compositions in the InGaN wells of MQWs. 

In chapter 5, I summarize the study results and discuss future prospects. 

The results suggest that MLG buffer layers and PSD techniques are promising for the 

manufacturing large-area and flexible light emitting devices on amorphous substrates. 
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Chapter 2  

Structural control of GaN films 

 

2.1 Introduction 

  

GaN has been studied intensively because of its excellent properties, such as a wide range 

of band gap, direct transition band structure, high breakdown field, and high stability [2.1, 2.2]. 

These excellent properties make them suitable for optical devices, such as light emitting diodes 

(LED) and laser diodes, ranging from the ultraviolet to the infrared region [2.3, 2.4]. Despite the 

limitations imposed by the sapphire substrates, such as poor thermal conductivity, insulating 

properties, and unavailability of large-size wafers, GaN films are commonly grown on sapphire 

substrates. The shortcoming of sapphire substrates have hindered the potential of group 

III-nitrides and their wider application to large-area and flexible devices. To overcome these 

problems, many studies have attempted to use a range of substrate materials for growing GaN 

including metal, graphite, fused silica, and functional oxides [2.5-2.10]. Among these materials, 

glass is a promising substrate material because of its scalability and low cost [2.11]. On the 

other hand, GaN films on glass have not been put into practical use because of the following 

two serious problems. One problem is the amorphous nature of glass, which results in poor 

crystalline quality of GaN films grown on glass. To address this problem, crystalline buffer 

layers between the amorphous substrate and GaN films are introduced. Graphene is well suited 

for this purpose, because large-area multi-layer graphene (MLG) is available and is easily 

transferred onto foreign substrates. The other problem is the low softening temperature of glass. 
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Because the growth temperature of GaN films is normally higher than 1000 C in conventional 

metalorganic chemical vapour deposition (MOCVD), it is difficult to use glass as substrate in 

MOCVD. Fortunately, recent progress in low-temperature epitaxial growth techniques based on 

pulsed sputtering deposition (PSD) has enabled to grow group III-nitrides even at room 

temperatures [2.12, 2.13]. The successful decrease in the growth temperatures in PSD has been 

attributed to the high kinetic energy and the pulsed supply of group III atoms, which assists the 

surface migration of the film precursors at the substrate surfaces. This important feature of PSD 

might allow the fabrication of nitride devices below the softening temperature of glass. 

In this chapter, I discuss for the first time growth of GaN films on SiO2 with MLG buffer 

layers by PSD and the structural investigations of GaN films 

 

2.2 Experimental procedure 

 

MLG buffer layers were grown by CVD and transferred to the SiO2 surfaces. MLG layers 

were used as starting materials to grow group III-nitride films [2.14]. Thermally oxidized 

100nm-thick SiO2 / 525 m-thick Si (100) was used as the substrate. Before the growth of GaN 

films, the MLG/ SiO2/Si substrates were degassed at 600 C for 30 min in vacuum. The growth 

of GaN and AlN films was performed using a PSD apparatus with a background pressure of 

1.010-10 Torr. The growth temperatures of the films were set at 650-1050 C. Sputtering of the 

Ga and Al targets was performed in a N2/Ar gaseous ambient. The thickness of GaN and AlN 

was 600 nm and 50 nm, respectively. The structural properties of the GaN films were 

investigated by X-ray diffraction (XRD) using a Bruker D8 diffractometer, and electron 
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back-scattered diffraction (EBSD) using an Oxford Instruments INCA Crystal EBSD system 

attached to a field emission scanning electron microscope (JEOL JSM-6500F) operated at 20 kV. 

The phase purity of the GaN films was measured by scanning Kikuchi pattern identification 

using EBSD [2.15]. Wet chemical etching by a 1.8 M KOH solution was also performed to 

determine the polarity of the GaN films. The optical properties of the films were characterized 

by room-temperature photoluminescence (PL) using a He-Cd laser (=325 nm) as the excitation 

source. 

 

2.3 GaN films growth on amorphous SiO2 with MLG 

 

To grow group III-nitride films on amorphous SiO2 substrates, the MLG layers were 

introduced as crystalline buffer layers for growing group III-nitride films on amorphous 

substrate. GaN films (~ 1000 nm) were grown on SiO2/Si(100) substrates with MLG buffer 

layers by PSD. Figure 2-1 shows a schematic diagram of the sample structure. 

  

Figure 2-1 Schematic diagram of GaN grown on amorphous SiO2 with MLG. 

SiO2(100㎚)

GaN(1000nm)

Si(100)

MLG
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Figure 2-2 shows the XRD 2/ curve of the GaN films grown at 750 C with MLG 

buffer layers. XRD peaks were observed at approximately 34.5, 69.1  and 72.9. The peaks 

correspond to the diffractions from GaN 0002, Si 004, and GaN 0004, respectively. This 

suggests that the GaN films grown on amorphous SiO2 with MLG have highly c-axis oriented 

structures.  

 

 

Figure 2-2 XRD pattern of the GaN films grown on the MLG/SiO2 layers. 

 

2.4 Phase analysis of GaN films 

 

Figure 2-3 shows the EBSD phase map for the GaN films grown at 750C. The wurtzite 

and zincblende phases coexist in the GaN films and the ratio of zincblende to wurtzite 

(zincblende/wurtzite) phases was as high as 0.66. This suggests that the phase purity of the GaN 
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film is poor. GaN was a mixture of wurtzite and zincblende structure, even though it had been 

grown on hexagonal MLG. Hence, the structure of the buffer layer is not the only factor for 

determining the crystal structure of the GaN.  

The room-temperature PL (RT-PL) spectrum showed clear excitonic emission from 

zincblende GaN at approximately 380 nm [2.16, 2.17] together with the near-band-edge 

emission of wurtzite GaN at approximately 360 nm (Figure 2-4). The broad peak at 550 nm was 

assigned to defect-related yellow luminescence, which might be due to gallium vacancies or 

incorporation of carbon into GaN [2.18, 2.19]. The PL spectrum also suggests the coexistence of 

wurtzite and zincblende phase GaN.  

 

 

Figure 2-3 EBSD phase map of the GaN film grown on MLG/SiO2 layers. 
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Figure 2-4 RT-PL spectrum of the GaN film grown on MLG/SiO2 layers. 

 

To determine the origin of the inclusion of zincblende phase, GaN films were grown on 

MLG/SiO2 layers by changing the growth temperatures from 650 to 950 C. As a result, the 

growth temperature increase led to an increase in the zincblende phase in the GaN films. Figure 

2-5 shows the dependence of the zincblende/wurtzite ratio on the growth temperature. Because 

the wurtzite phase GaN is thermodynamically more stable than the zincblende phase GaN at 

high growth temperatures, the increase in the zincblende/wurtzite ratio with increasing growth 

temperature suggests the origin of this the zincblende phase is not due to thermodynamics. An 

interfacial reaction between GaN and MLG might explain this phenomenon. To check this 

assumption, 50-nm-thick AlN interlayers were inserted between the GaN and MLG layers to 

reduce the interfacial reactions. Figure 2-6 shows the sample structure of GaN grown on MLG 

with AlN interlayer. 
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Figure 2-5 Dependence of the zincblende/wurtzite ratio on the growth temperatures. 

 

 

 

Figure 2-6 A schematic illustration of GaN grown on MLG with AlN interlayer. 
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Figure 2-7 presents the EBSD phase map for GaN films with AlN interlayers. The 

concentration of the zincblende phase GaN was almost negligible and the phase purity of 

wurtzite GaN improved drastically owing to the AlN interlayers. Figure 2-8 shows the 

dependence of the zincblende/wurtzite ratio on the growth temperature in which GaN films 

were grown on the AlN/MLG/SiO2 layers. The amount of zincblende phase GaN remained 

unchanged, when the growth temperature of GaN was changed from 740 to 810 C.  

 

 

Figure 2-7 EBSD phase map of the GaN film grown on the AlN/MLG/SiO2 layers. 
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Figure 2-8 Dependence of the zincblende/wurtzite ratio on the growth temperatures. 

 

The RT-PL spectrum of the GaN films with the AlN interlayers showed strong 

near-band-edge emission from the wurtzite phase and negligible emission from the zincblende 

phase, as shown in Figure 2-9. This result is consistent with the EBSD results. Furthermore, the 

decrease in the broad peak at 550 nm suggests improved crystal quality for the GaN films.  
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Figure 2-9 A RT-PL spectrum of the GaN film grown on AlN/MLG/SiO2 layers. 

 

2.5 Crystal quality of GaN films 

 

Figure 2-10 shows the X-ray rocking curves for the 0002 diffractions of the GaN films 

grown on amorphous SiO2 without and with AlN interlayers. The full width at half maximum 

(FWHM) value decreased from 2.40 to 0.62 with the AlN interlayers. This suggests that the 

insertion of AlN interlayers contributes to the growth of high quality GaN films on MLG. 

 

340 390 440 490 540 590 

In
te

n
s
it

y
 (

a
rb

. 
U

n
it

s
)

Wavelength(nm)450 500 550 600350 400

Wavelength(nm)

P
L
 in

te
n

s
it
y
 (

a
rb

. 
u

n
it
s
)



44 

 

 

Figure 2-10 X-ray rocking curves of GaN 0002 with and without AlN interlayers. 

 

2.6 Surface morphologies of GaN films 

 

Atomic force microscopy (AFM) of the pristine graphene surfaces revealed a flat surface 

with Ra = 0.185 nm, as shown in Figure 2-11. On the other hand, the MLG layers grown on Ni 

with CVD have unavoidable wrinkles and height differences between the flat graphene surfaces 

and wrinkles. The height differences varied from several nm to several tens nm. Figure 2-12 

shows SEM images of the surface morphology of MLG: (a) top view and (b) bird’s eye view. 
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The images show the wrinkles that originate from the difference in coefficients of thermal 

expansion (CTE) between the MLG and nickel [2.20].  

 

Figure 2-11 AFM image of MLG. 

 

 

Figure 2-12 SEM images of MLG (a) bird’s eye view (b) top view. 
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In the case of the thin group III- nitride films, the surface morphology of the films is in 

accordance with the characteristics of MLG. Figure 2-13 presents a SEM image of 50 nm AlN 

film grown on MLG, showing a similar rough surface morphology. On the other hand, the 

surface flatness increased with increasing film thickness and flat surface group III-nitrides films 

were obtained. 

 

 

 

Figure 2-13 SEM images of AlN/MLG (a) bird’s eye view (b) top view. 

 

The amorphous nature of the SiO2 substrates generates random orientations of group 

III-nitride films with rough surface morphology. The SEM image of GaN films grown on SiO2 

substrate in Figure 2-14 shows a very rough surface morphology. The random orientation and 
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rough surface of the GaN films indicate that the surface morphology requires further 

improvement. 

 

 

Figure 2-14 SEM image of GaN grown on SiO2 substrate. 

 

The crystalline structure of MLG imposes regularity on the GaN films and improves the 

surface morphology. Figure 2-15 shows the dramatic reduction in inclined GaN, which 

suggests an improvement in crystallinity. On the other hand, the direct growth of GaN on 

the MLG buffer leads to low phase purity owing to the coexistence of wurtzite and zincblende 

phases. 

 

100nm
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Figure 2-15 SEM image of GaN grown on a SiO2 substrate with MLG. 

 

As shown in sec. 2.4, the AlN interlayers suppress the formation of the zincblende phase. 

This method is not only effectively eliminates the zincblende phase GaN but also improve the 

surface morphology. The smooth surface of GaN grown on AlN/MLG/SiO2 is shown (Figure 

2-15). 

 

Figure 2-16 SEM image of GaN grown on AlN/MLG/SiO2.  

100nm

100nm
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Figures 2-17 show EBSD pole figures of the GaN films over a 5 × 5 m2 area. In Figure 

2-17 (a), the {101
_

2} pole figure of GaN without an AlN interlayer forms broad ring shaped 

patterns. This suggests that the crystalline quality of the GaN films is poor with random 

orientation in the in-plane directions. In contrast, the {101
_

2} pole figure of the GaN with AlN 

interlayer shows a clear six-fold rotational symmetry (Fig. 2-17 (b)). This indicates the absence 

of zincblende phase and the increase in phase purity. Moreover, the crystalline quality of the 

GaN films can be improved drastically using the AlN interlayers. 

 

 

Figure 2-17 EBSD pole figures for GaN films (a) without and (b) with AlN interlayers. 

 

2.7 Polarity of GaN films 

 

The polarity of the GaN films on the MLG buffer layers with AlN interlayers was 

examined because the polarity control of the GaN films is inherently important to the design of 

device structures [2.21]. Figure 2-18 (a) shows an SEM image of the GaN surface after KOH 

etching. The surface showed serious roughening after etching. This chemical vulnerability is a 

{1012}

{0001}

{1012}
(b)(a)
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typical feature of N-polar GaN [2.22]. To develop the controllability of the GaN polarity on 

MLG, a technique that induces polarity inversion from N- to Ga-polarity is needed. Recently, it 

was reported that the formation of AlOx layer on N-polar bulk GaN substrate leads to the 

subsequent growth of Ga-polar GaN [2.23]. This study introduced the thermal surface 

oxidization of the AlN interlayers at 200 C in air to form the AlOx layers, followed by the 

growth of GaN films. The surface morphology of the GaN films with the surface-oxidized AlN 

interlayers remained unchanged after KOH etching as shown in Fig. 2-18 (b), which suggests 

the formation of Ga-polar GaN films. These results clearly show that the use of AlN interlayers 

with and without surface oxidization leads to the formation of Ga- and N-polar GaN films on 

the MLG buffer layers, respectively. 

 

      

 

 

 

 

 

Figure 2-18 SEM images of the GaN films with (a) AlN and (b) surface-oxidized AlN 

interlayers. 

 

100 nm

(a) (b)

100 nm



51 

 

AFM (Figure 2-19) showed that GaN, which was grown on surface-oxidized 

AlN/MLG/SiO2, had smooth surface morphology with a roughness of 0.39nm base on the 

root-means-square (RMS) value. 

 

 

Figure 2-19 2 x 2 m2 AFM image of GaN grown on surface-oxidized AlN/MLG/SiO2.  

 

2.8 Growth temperature reduction of GaN films 

 

The possibility of reducing the growth temperature of GaN films grown on quartz 

substrates with MLG by PSD was assessed. The MLG buffer layers were grown by CVD and 

transferred to the quartz surfaces. Before the growth of the group III-nitride films, the MLG/ 2  

2 cm2 quartz substrates were degassed at 400 C for 30 min in vacuum. The growth of GaN and 

AlN films was performed by a PSD apparatus with a background pressure of 1.010-10 Torr. The 

growth temperatures of the GaN and AlN films were set at 500-550 C. Sputtering of Ga and Al 

200nm
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targets was performed in a N2/Ar gaseous ambient. The previous section showed that the use of 

an AlN interlayer and the thermal oxidization of the AlN layer improves the quality of Ga-polar 

in the sec. 2-7 GaN film. The AlN layers were grown on MLG/ quartz and the AlN surfaces 

were thermally oxidized. 

 

Figure 2-20 XRD curve of the GaN films grown at 550 C on surface-oxidized 

AlN/MLG/quartz. 

 

Figure 2-20 shows the XRD 2/ curve of GaN films grown at 550 C on 

surface-oxidized AlN/MLG/quartz. Strong XRD peaks were observed at approximately 34.5, 

36.0, and 72.9. These peaks correspond to the diffractions from GaN 0002, AlN 0002, and 

GaN 0004, respectively. This shows that the c-axis oriented GaN and AlN films were grown 

successfully on amorphous quartz, even at low growth temperatures.  
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Figure 2-21 RT-PL spectra of the GaN film grown on MLG/quartz at 550 C 

 (a) without and (b) with an AlN interlayer. 

 

Figure 2-21 shows the room-temperature (RT) PL spectra of the GaN films grown on 

MLG/quartz at 550 C. The PL spectrum of the GaN films directly grown on the MLG buffer 

layer has three peaks as shown in Figure 2-21 (a). Emissions from wurtzite GaN, zincblende 

GaN, and defect-related yellow luminescence were observed at 360 nm, 380 nm, and 550nm, 

respectively. On the other hand, strong near-band-edge emissions from the wurtzite phase GaN 
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and defect-related yellow luminescence were observed in the room-temperature PL spectrum of 

the GaN films grown on surface-oxidized AlN/MLG/quartz at 550 C as shown in Figure 2-21 

(b). Emissions from zincblende GaN were dramatically reduced probably owing to the 

suppression of the heterointerface reactions of GaN/MLG using the AlN interlayers. The strong 

yellow luminescence suggests the high density of point defects, such as Ga vacancies.  

 

2.9 Summary 

 

GaN films were grown on amorphous SiO2 with MLG buffer layers by PSD, and their 

structural properties were investigated. The GaN films exhibited c-axis oriented structures. The 

zincblende and wurtzite phases coexisted in the GaN films grown with the MLG buffer layers, 

whereas the insertion of AlN interlayers resulted in significant improvement in the phase purity 

of wurtzite GaN in these films. The use of the AlN interlayers with and without surface 

oxidization led to the formation of Ga- and N-polar GaN films, respectively. In addition, GaN 

films were successfully grown on quartz with MLG buffer layer even at low temperatures (less 

than 550 C), which is applicable to GaN growth on glass. These results clearly show that the 

use of MLG buffer layers and the introduction of AlN interlayers contribute to the growth of 

high quality GaN films on amorphous SiO2, which opens up the possibility of large-area 

GaN-based devices on SiO2 substrates. 
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Chapter 3  

Strain analysis of the GaN films 

 

3.1 Introduction 

 

Group III-nitride substrates are mainly grown heteroepitaxially, because of the limited 

availability of GaN bulk substrates. The use of foreign substrates normally causes large 

mismatch in lattice constants and thermal expansion coefficients between GaN and the 

substrates. These mismatches generate strain in the films, which significant affects the structural, 

electrical, and optical properties of the films. In this chapter, a technique for assessing the 

generation of strain, as well as the growth of group III-nitrides on MLG is reported. 

 

3.2 Origin of strain and stress 

 

The strain in the films is defined as the change in lattice parameters relative to the bulk 

lattice constants. Strain is a second rank tensor quantity denoted with the symbol εkl. Stress is 

the force per unit area acting on the material to cause deformation. Stress is also a second rank 

tensor quantity denoted with the symbol σij. The most general tensor in the form of Hooke’s law 

relates the stress to the strain through the fourth order stiffness tensor, cijkl, as shown in Equation 

3-1: 
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σij = cijklεkl       i, j, k, l = 1,2,3.      (Equation 3-1) 

 

Each of the nine equations in Equation 3-1 requires nine constants to describe the state. 

Therefore, 81 constants are needed to calculate the stiffness tensor. Because the stress and strain 

tensors have a symmetrical nature, (i.e. εkl = εlk, σij = σji), the number of independent constant 

can be reduced. Figure 3-1 shows the symmetric nature of the tensors. The number of 

independent constants may be reduced by the symmetry and geometry of the material system. 

 

 

Figure 3-1 Symmetric nature of tensors. 

 

In the case of films with hexagonal symmetry, the biaxial modulus (M) of the (0001) plane 

can be given by Equation 3-2: 

M0001 = [(C11 + C12) −
2(C13)

2

C33
],                (Equation 3-2) 

where cij (i,j=1,2,3) are the elastic constants of group III-nitrides. 

The shear modulus is presented as C44 in the (0001) plane. The Poisson ratio (), the 

fraction of compression divided by the fraction of expansion that expands perpendicularly to the 

direction of compression, is expressed with Equation 3-3: 

 

 =
C13

C13+C33
 .                         (Equation 3-3) 

 

ε11 ε12 ε13

ε21 ε22 ε23

ε31 ε32 ε33

   

ε11 ε12 ε13

ε12 ε22 ε23

ε13 ε23 ε33
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Stress, which is the origin of strain, can be classified roughly into the following two groups: 

intrinsic stress and extrinsic stress. Extrinsic stresses are imposed on the films from the outside 

environment, e.g. difference in the CTE between the substrates and films. The intrinsic stresses 

originate from the films themselves during growth on substrates. Heteroepitaxy, grain 

coalescence, and grain growth can produce intrinsic stress. Hereafter, a brief discussion of such 

stresses is provided to help develop a fundamental understanding of the strain evolution. 

Thermal stress arises when the film and substrate have differences in the CTE and undergo 

a temperature change. The strain generated by this thermal stress is described by Equation 

3-4[3.1]: 

 

ε = −∫ (
T

Ti
αf(T) − αs(T))dT ≈ −(αf(T) − αs(T))∆T,       (Equation 3-4) 

 

where ε is the strain, αf and αs are the linear CTE of the film and substrate respectively, T is the 

final temperature and Ti is the initial temperature. 

When the films are grown on different substrate materials, the heteroepitaxial strain can be 

expressed as Equation 3-5[3.2]: 

 

ε ≈
as−af

af
 ,                         (Equation 3-5) 

 

where af and as are the lattice constant of the film and substrate, respectively. 

Tensile stress is induced at the initial stages of grain coalescence to form a continuous film. 

This mechanism was first proposed by Hoffman [3.3] and improved by Nix and Clemens in 
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metallic films [3.2]. Sheldon proposed an improved model that explains the tensile stress 

portion of the stress generation during the deposition of AlN by MBE [3.4]. 

Tensile stress generation by grain growth in polycrystalline metal films was first proposed 

by Chaudhari [3.5] and improved by Doerner and Nix [3.6] and Koch [3.7]. Grain boundaries 

have lower atomic density, which is associated with excess volume, than the bulk. This excess 

volume reduction generates tensile stresses. The strain energy that accompanies with this stress 

increases as the grains grow. Therefore, to remain thermodynamically favourable, this type of 

strain energy must be compensated for by a decrease in the grain boundary energy. 

 

3.3 Techniques for measurements of strain and stress in group 

III-nitride film  

 

Strain and stress in group III-nitride films can be measured using several techniques. . Ex- 

situ XRD is used most frequently to measure strain. On the other hand, In- situ measurements 

are particularly important because the strain in group III-nitrides is easily affected by 

post-growth processes (i.e. cooling and heating). In- situ studies have been performed for the 

MOCVD grown group III-nitride on sapphire [3.8] and silicon [3.9]. On the other hand, there 

are no reports of In- situ strain studies during the PSD growth of group III-nitrides. Therefore, it 

is valuable to apply In- situ techniques to understand the growth of group III-nitride on 

graphene by PSD. In- situ optical curvature measurements system were developed in this study 

to determine the relative changes in the strain during PSD growth. 
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3.3.1 Ex- situ XRD measurements  

 

Hexagonal wurtzite GaN grown on sapphire substrates is the most commonly used material 

among group III-nitride materials. The crystallographic structure of the wurtzite GaN column 

belongs to the hexagonal space group. Therefore, the a and b crystallographic axes of the 

wurtzite GaN were oriented practically parallel to the (0001) plane of the sapphire substrate. For 

this reason, the GaN epilayer shows in-plane isotropic elastic properties, and its in-plane 

deformation state can be described by a single strain component. Figure 3-2 shows stressed unit 

cell of GaN.  

 

Figure 3-2 Schematic diagram of the stressed unit cell of GaN.  

The out-of-plane strain of the GaN film can be described by εc as shown by Equation 3-6:   

 

εzz = εc =
cr−c0

c0
 ,                        (Equation 3-6) 

where c0 and cr are the unstrained and real c-lattice constants respectively. 

ar

a0

c0

cr
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The in-plane strain of the GaN film can be described by εa, as shown by Equation 3-7: 

 

εxx = εyy = εa =
ar−a0

a0
 ,                     (Equation 3-7) 

 

where a0 and ar are the unstrained and real a-lattice constants respectively [3.10]. 

Using the Poisson ratio , Equations 3-8, and 3-9 represent the relation between each strain 

component: 

 

εc = −2
c13

c33
εa ,                        (Equation 3-8) 

εc = −
2

1−
εa .                        (Equation 3-9) 

 

The c-lattice constant of the GaN films was measured from the θ/2θ diffraction spectra 

using the Bragg symmetrical set-up, as shown Figure 3-3.  

 

Figure 3-3 Schematic diagram of the XRD measurement.  

d

(a, c) θ dsinθ
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The curves of GaN, 0002, 0004, and 0006, were recorded from θ/2θ scans and used to 

evaluate the real c-lattice constant. The real value of the c-lattice constant, cr, and its 

experimental value, ch, are connected through the angular parameter, ph, as shown in Equations 

3-10, 3-11,and 3-12: 

 

ch = −D
cr

r
ph + cr ,                     (Equation 3-10) 

ph =
Cos2θh

Sinθh
 ,                          (Equation 3-11) 

ch =
h

2Sinθh
 .                         (Equation 3-12) 

 

θh is the angular position of the GaN 000h (h = 2, 4, 6; h is the order of reflection) XRD 

peak in θ-scale, ch is the value of the c-lattice parameter determined from the angular position of 

the 000h diffraction peak, r is the distance of the specimen detector, D is a possible 

displacement of the specimen with respect to the goniometer axis in the equatorial plane, and λ 

is the wavelength of x-ray. The lattice parameter, cr, was determined from the plots {ph, ch} 

using the standard extrapolating technique. 

The out-of-plane strain, εc, was determined from Equation 3-10 for the average cr value and 

the unstrained lattice parameter, c0 = 0.5185 nm, measured for the homoepitaxially grown GaN 

films [3.11]. In a similar manner, using the plot {phkil, ahkil}, the in-plane strain was evaluated 

from the diffraction peaks of the asymmetrical reflections hkil = 101
_

4, 101
_

5 and 202
_

4. The real 

values of the a-lattice constant, ar, and its experimental values, ah, were connected through the 

angular parameter, phkil, by the relationship represented in Equations 3-13, 3-14, and 3-15: 
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ahkil = −D
ar

r
phkil + ar ,                   (Equation 3-13) 

phkil =
Cos2θhkil

Sinθhkil
 ,                         (Equation 3-14) 

ahkil = crdhkil√
4

3
(h2+k2+hk)

cr
2−l2dhkil

2  .                 (Equation 3-15) 

 

External biaxial strain and internal hydrostatic strain coexist in the GaN films [3.10]. The 

biaxial strain originates from lattice mismatch and the difference in CTEs between the GaN 

films and substrate. The hydrostatic strain originates from the existence of point defects, and the 

amount of hydrostatic strain is affected by the size of the point defects. Equations 3-16, 3-17 

and 3-18 express the relationship between the biaxial strain and hydrostatic strain: 

 

εc = εc
b + εh ,                         (Equation 3-16) 

εa = εa
b + εh ,                         (Equation 3-17) 

εh =
1−

1+
(εc +

2

1+
εa) .                    (Equation 3-18) 

 

The measured values of εc and εa are a combination of the biaxial strain, εb
c and εb

a in the c- 

and a-directions respectively, and of the hydrostatic strain εh. The hydrostatic strain, εh, can be 

determined from εc, εa, and the Poisson ratio.  is the Poisson ratio (Equation 3-3) and c13 and 

c33 are the elastic constants of GaN. The elastic constants values of GaN c13 = 106 GPa and c33 = 

398 GPa were referenced [3.12]. 

The in-plane stresses of the c-axis oriented GaN films have biaxial characteristics and can 

be determined by using Equation 3-19: 
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σf = Mfεa
b ,                          (Equation 3-19) 

 

where σf is the biaxial stress in the films, and Mf is the biaxial elastic modulus for hexagonal 

GaN films. Mf is described in Equation 3-2, and c11 = 390 GPa, c12 = 145 GPa, c13 = 106 GPa, 

c33 = 398 GPa, respectively [3.12]. 

 

3.3.2 Stoney’s formula 

 

Equation 3-20 is Stoney's formula, which was first published in 1909 [3.13]: 

 

(t) =
6(t)hs(t)

Mshf
2  .                     (Equation 3-20) 

 

The substrate curvature is related to the film stress (t) with Stoney's formula, where hf is 

the film thickness hs is the substrate thickness and Ms is the substrate biaxial modulus. As 

expressed in equation 3-20, the curvature is proportional to the product of the film stress and 

film thickness, i.e. “stress thickness”. 
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Figure 3-4 Schematic diagram of the curvature of film.  

 

The approximation of Equation 3-21 is valid for small deformation:  

 

(t) =
1

R
=

dφ

ds
=

(arctan(w′))′dx

√dx2+dw2
=

w′′dx

(1+w′)3/2dx
≅ w′′ .     (Equation 3-21) 

 

Figure 3-4 shows a diagram of the curvature of a film, where R is the radius of the 

curvature, s is the arc length,  is the angle of the arc and w is the displacement in the 

z-direction. The approximation of Equation 3-21 is valid for small deformations.  

Equation 3-22 shows the basic relation between the deformation uij and stress components 

σij in a linear elastic material: 

 

σjk =
E

1+
(ujk +



1−2
ulljk) .               (Equation 3-22) 

d

ds

x

R
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The film thickness, z, is assumed to be very small compared to the other two directions, x 

and y, and stress components of these direction are negligible amount. As shown Equation 3-23, 

all shear stresses vanish: 

 

σxz = σyz = 0.               (Equation 3-23) 

 

From Equation 3-21, the normal deformation of each direction can be estimated with z= 

being the position of a neutral surface, which is the position free of force and torque. Equations 

3-24, 3-25 and 3-26 show the relation between the deformation of each direction and 

displacement in the z-direction: 

 

uxx = −(z − )
∂2w

∂x2
 ,               (Equation 3-24) 

uyy = −(z − )
∂2w

∂y2
 ,               (Equation 3-25) 

uzz =
(z−)

1−
(
∂2w

∂x2
+

∂2w

∂y2
) .               (Equation 3-26) 

 

The normal stress of each direction, Equations 3-27 and Equations 3-28, can be obtained by 

combining Equations 3-22 and 3-23: 

 

σxx =
E

(1+)(1−2)
[(1 − 2)uxx + (uyy + uzz)] ,        (Equation 3-27) 

σyy =
E

(1+)(1−2)
[(1 − 2)uyy + (uxx + uzz)] .        (Equation 3-28) 
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Putting equations 3-24, 3-25 and 3-26 into Equations 3-27 and 3-28 and simplifying gives 

Equations 3-29 and Equations 3-30: 

 

σxx =
Ez

(1−2)
[
∂2w

∂x2
+ 

∂2w

∂y2
] ,                   (Equation 3-29) 

σyy =
Ez

(1−2)
[
∂2w

∂y2
+ 

∂2w

∂x2
] .                   (Equation 3-30) 

 

Using Equations 3-29 and 3-30 and the neutral surface condition, the relationship between 

the normal stress and the thickness can be obtained. 

 

Force: 

Fx = 0 = ∫ σxx(z)dz
htot
0

= ∫
Es

(1−s
2)
[
∂2w

∂x2
+ s

∂2w

∂y2
] (z − α)dz

hs
0

+ ∫ σxx
f dz

htot
hs

 , 

(Equation 3-31) 

Fy = 0 = ∫ σyy(z)dz
htot
0

= ∫
Es

(1−s
2)
[
∂2w

∂y2
+ s

∂2w

∂x2
] (z − α)dz

hs
0

+ ∫ σyy
f dz

htot
hs

 , 

(Equation 3-32) 

Torque: 

Mx = 0 = ∫ σxx(z)(z − α)dz
htot
0

 , 

Mx = ∫
Es

(1−s
2)
[
∂2w

∂x2
+ s

∂2w

∂y2
] (z − α)2dz

hs
0

+ ∫ σxx
f (z − α)dz

htot
hs

 , 

(Equation 3-33) 

My = 0 = ∫ σyy(z)(z − α)dz
htot
0

 , 
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My = ∫
Es

(1−s
2)
[
∂2w

∂y2
+ s

∂2w

∂x2
] (z − α)2dz

hs
0

+ ∫ σyy
f (z − α)dz

htot
hs

 . 

(Equation 3-34) 

 

The position of the neutral surface is determined using Equation 3-31, 3-32, 3-33, and 3-34 

as shown in Equation 3-35:  

 

 =
hs(3hf+2hs)

6(hf+hs)
 .                      (Equation 3-35) 

Using Equation 3-35, the relationship between the normal stresses and film curvature can 

be obtained as defined in Equation 3-36 and Equation 3-37: 

 

σxx
f = −

Eshs
3

6(1−s
2)hf(hf+hs)

[
∂2w

∂x2
+ s

∂2w

∂y2
] ≅ −

Eshs
3

6(1−s
2)hf(hf+hs)

[
1

Rx
+ s

1

Ry
]  , (Equation 3-36) 

σyy
f = −

Eshs
3

6(1−s
2)hf(hf+hs)

[
∂2w

∂y2
+ s

∂2w

∂x2
] ≅ −

Eshs
3

6(1−s
2)hf(hf+hs)

[
1

Ry
+ s

1

Rx
]  . (Equation 3-37) 

 

Assuming homogeneous growth of a film, the in-plane stresses of films have an isotropic 

nature. Equation 3-38 represents isotropic stress and Equation 3-39 isotropic deformation 

along : 

 

σxx
f = σyy

f = σrr
f   ,                      (Equation 3-38) 

∂2w

∂x2
=

∂2w

∂y2
   →   

1

Ry
=

1

Rx
  .              (Equation 3-39) 

 

Equation 3-40 shows stress along the one-direction:  
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σrr
f ≅ −

Eshs
3

6(1−s
2)hf(hf+hs)

[
1

Rr
+ s

1

Rr
] = −

Eshs
3

6(1−s)hf(hf+hs)

1

Rr
 .   (Equation 3-40) 

 

If hs>>hf, Equation 3-40 can be altered to Equation 3-41 

 

σrr
f ≅= −

Eshs
3

6(1−s)hfhs

1

Rr
= −

Eshs
2

6(1−s)hf

1

Rr
= −

Eshs
2

6(1−s)hf
 .   (Equation 3-41) 

 

Equation 3-41 is defined as Stoney’s formula. 

 

3.3.3 In- situ curvature measurements  

 

Several groups have conducted In- situ studies by optical curvature measurements of group 

III-nitride films on sapphire and Si substrates grown by MOCVD [3.1, 3.2, 3.14~19] but there 

are no reports on in- situ strain for PSD growth of group III-nitrides. Therefore, in- situ 

curvature measurement system was set up for PSD and the strain generation in group III-nitride 

films was examined. 

The curvature measurement system is based on measurements of the deflection of an array 

of multiple parallel lasers. The system uses a laser light through a highly reflective etalon, 

which produces multiple arranged beams. The multiple laser beams were incident to the sample 

at an angle θ from the normal and the reflected beams were directly detected by a CCD camera. 

Commercial software was used to define and capture the pixel region around each beam and 

then determine the position and intensity of each beam in real-time.  
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Curvature measurements provide us information about the stress generated in the samples. 

The substrate curvature ((t)) was determined using Equation 3-42, where L is the distance 

between the substrate and the detector and D(t)/D0 is the time dependent spacing between the 

spots normalized by the initial spacing of the measurement system.  

 

(t) = −
cosθ

2L
(
D0−D(t)

D0
) = −

cosθ

2L
(

D

D0
) .                 (Equation 3-42) 

 

If the deposited film is in compressive strain state, the transfer of strain from the film to the 

substrate will result in the bending of the substrate and films. Consequently, the substrate and 

film deformation will have convex shape. On the other hand, if the deposited film is in tensile 

strain state, the substrates and film deform to concave shape.  

 

3.3.4 In- situ anisotropic curvature measurements in PSD 

 

Before measuring the In- situ strain curvature of GaN grown on SiO2 with the MLG layer, 

the feasibility of the curvature monitoring system in PSD was tested. To do so, the anisotropic 

two-dimensional curvatures of a-GaN grown on r-plane sapphire were measured using the 

curvature measurement system in PSD. The a-GaN has two different lattice parameters, which 

are perpendicular to each other as shown in Figure 3-5. 



72 

 

 

Figure 3-5 Spatial structure of a-GaN.  

 

To measure the two-dimensional curvatures, two etalons between the sample and laser were 

installed. On the other hand, this set-up of etalons results in lower laser intensity because the 

laser signal, which has passed through the etalon, is a separated spot. These low intensity and 

separated spot laser signals generate additional errors in the measurements. The errors were 

reduced by adjusting the exposure time of the detector and optical power. 

GaN films were grown under Ga-rich conditions on 2-in r-plane sapphire substrates by 

PSD. Before introducing the substrates to the PSD chamber, the sapphire substrates were 

annealed at 800 C for 60 min to remove contaminants of the substrate in vacuum. The 

substrates were then introduced into the PSD chamber with a background pressure of 1.010-10 

Torr. The growth temperature was set at 800 C, which was calibrated using a pyrometer. 

Sputtering of the Ga target was performed in a N2/Ar gaseous ambient. The ambient N2 
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activated by the pulsed discharge was used as the nitrogen source. Pulsed dc power was applied 

at 20- 100W. 

 

 

Figure 3-6 In- situ curvature measurements for a-GaN growth. 

 

Figure 3-6 shows the change in curvature during GaN growth. The results clearly show 

different trends along the two perpendicular directions, [0001]GaN and [11
_

00]GaN, respectively. 

This anisotropic curvature change is mainly caused by the difference in the generation of misfit 

dislocations owing to the anisotropy in the lattice mismatch between GaN and sapphire (1.3 and 

16.2% along [0001]GaN and [11
_

00]GaN, respectively). 
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3.4 Strain measurements of GaN grown on SiO2 with MLG by PSD 

 

3.4.1 In- situ curvature measurements of GaN grown on SiO2 with MLG by PSD 

 

The In- situ curvature measurements were performed during GaN growth on SiO2 with 

MLG layers by PSD. The change of the wafer curvature was monitored for the GaN growth on 

SiO2 with MLG layers and on conventional c-plane sapphire substrates. The slope of the 

curvature change as a function of growth time explains the generation of the stress between the 

film and substrate as the film thickness increases. Negative and positive slopes of the curvature 

in mean compressive stress and tensile stress, respectively. The curvature during the GaN 

growth on sapphire showed rapid changes toward negative values, which indicates the 

generation of compressive strain in the GaN films. The large compressive strain in the GaN 

films on sapphire is mainly caused by the lattice mismatch between GaN and the sapphire 

substrates. On the other hand, the change in the curvature during GaN growth on SiO2 with the 

MLG buffer layers was quite small, indicating the small strain in the GaN films. 

 

3.4.2 Ex- situ strain measurements of GaN grown on SiO2 with MLG by PSD 

 

The strain was also investigated by ex- situ XRD. The c-axis lattice constant of the GaN 

films was determined from the 2θ/ω XRD peaks, as shown in Figure 3-7. The c-axis lattice 

constant, ch, is determined from the angular position of the 000h diffraction peak, and cr was 
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determined from the plot {ph, ch} according to the standard extrapolation using Equations 3-10, 

3-11, and 3-12. 

 

 

Figure 3-7 XRD curve of the GaN films grown on MLG/SiO2 layers 

 

Figure 3-8 shows ex- situ strain measurements GaN films grown on various substrates with 

a range of thicknesses. The ex- situ measurements also showed that GaN films on the MLG 

layers have less strain than GaN films on sapphire, which agrees with the results of the In- situ 

measurement. The strain in the GaN films grown on sapphire was as large as 1%, whereas that 

on SiO2 with MLG buffer layers was < 0.4 %. GaN films grown on MLG/SiO2 both with and 

without an AlN interlayer have a small amount of strain even when the thickness is increased. 
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Figure 3-8 Ex- situ strain measurement of GaN. 

 

The strain components in the GaN layer are the superposition of the biaxial and hydrostatic 

strain, which can be evaluated using symmetric and asymmetric XRD measurements. On the 

other hand, GaN films grown on SiO2 substrate with MLG layers do not have sufficient crystal 

quality for asymmetric XRD measurement due to the coexistence of wurtzite and zincblende 

phase GaN. Therefore, asymmetric XRD measurements of the GaN films grown on MLG/SiO2 

substrate with AlN interlayer were performed because, as mentioned above, the insertion of AlN 

between GaN and the MLG buffer layer improves the phase purity and crystal quality. GaN 

films grown on sapphire substrate were chosen as reference.  

As mentioned in section 3.3.1, the in-plane lattice constants were evaluated from the XRD 

peaks of the asymmetric reflections hkil = 101
_

4, 101
_

5 and 202
_

4. The real values of the a-lattice 

constant, ar, and its experimental values, ah, are connected through the angular parameter, phkil, 
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by the relationship represented in Equations 3-13, 3-14, and 3-15. From those lattice constants, 

the combination of c, a leads to biaxial strain, b
c, b

a, and hydrostatic strain, h. 

 

 

Table 3-1 Strain in GaN films grown on AlN/MLG/SiO2 and sapphire 

 

Table 3-1 shows the strain component in GaN films grown on AlN/MLG/SiO2 (Sample 1) 

and sapphire (Sample 2). The GaN films in both samples show that the measured and the biaxial 

out-of-plane strain are of the tensile type, whereas the in-plane strains are of the compressive 

type. As shown in Table 3-1, the deformation of Sample1 is approximately one order of 

magnitude lower than Sample 2 in both hydrostatic and biaxial strain. 

Ishii's group recently reported the results of a theoretical investigation of GaN growth on 

graphene as shown Figure 3-9 [3.20].  
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Figure 3-9 Schematic diagram of epitaxial growth of GaN on graphene [3.20]. 

 

The interaction between each graphene layer is relatively weak; thus. van der Waals forces 

dominate the interaction [3.20] and the change in the topmost layer does not propagate to the 

under layer. Only the topmost layer of the MLG is extended to have a longer lattice constant 

that is equal to the GaN, whereas the under layers are not extended because of the 

two-dimensionality of graphene. Most of the deformation is absorbed at the topmost layer of the 

MLG and only small amounts of strain are generated on the GaN films.  

In the case of single graphene, the simulation indicated that the interface interactions of the 

graphene/a-SiO2 (0001) were 77 meV/C atom, hence van der Waals forces dominate the 

interaction [3.21]. The two-dimensionality of graphene might explain the small amount of GaN 

strain during the In- situ measurement. 
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3.5 Summary 

 

This chapter covers the development of the In- situ curvature measurement system for 

group III-nitride films grown by PSD. The reliability of the measurement system was confirmed 

by measuring the in-plane anisotropic strain of a-GaN films grown on r-sapphire substrates. The 

results clearly show different trends along the two perpendicular directions, [0001]GaN and [11
_

00]GaN, respectively 

The In- situ curvature measurements of GaN films grown on MLG buffer layers indicated 

less strain than that on the sapphire substrates. The ex- situ XRD measurements also showed a 

small amount of in-plane and out-of-plane strain in the GaN films grown on the MLG layers. 

Because of the two-dimensionality of graphene, most of the strain that is generated by the 

difference in lattice mismatch is absorbed on the topmost layer of the MLG and only a small 

amount of strain was generated on the GaN films.  
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Chapter 4  

Fabrication of the GaN-based LEDs using MLG buffer 

layers on amorphous SiO2 

 

4.1 Introduction  

 

As discussed in Chapter 1, several research groups have reported the growth of group 

III-nitride LED structures on amorphous substrate [4.1-4.3]. Recently J. H. Choi et al. reported 

the fabrication of the GaN LEDs on amorphous fused silica glass substrates with MOCVD [4.3, 

4.4]. The group used a ‘pre-orienting titanium layer’ and SiO2 mask layers to achieve nearly 

single-crystalline GaN pyramid arrays on the amorphous fused silica glass substrates. They are 

represented as blue and green LED s. The growth temperature of GaN (1040 C) in this method, 

however, was too high for conventional glass substrates.  

In chapter 2, I discuss the successful growth of group III-nitride films on amorphous SiO2 

substrate with MLG. A reduction in the GaN growth temperature was possible in the case of 

PSD. This chapter reports the results of tests examining the feasibility of group III-nitride LEDs 

on SiO2 with MLG buffer layers by PSD.  

 

4.2 Experimental procedure  
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The MLG layers were grown by CVD, followed by transfer onto 100-nm-thick SiO2/Si 

(100). Before the growth of group III-nitride films, the MLG/ SiO2/Si substrates were degassed 

at 600 C for 30 min in a vacuum. The growth of InGaN, GaN and AlN films were performed 

using a PSD apparatus with a background pressure of 1.010-10 Torr. The GaN films were grown 

at 760 C after the growth of 50-nm-thick AlN layers. The surface of the AlN inter interlayers 

were thermally oxidized at 200 C in air to form AlOx layers, which leads to the formation of 

Ga-polar GaN films. The InGaN films were deposited at 500-650C. The sputtering of metal 

targets such as In, Ga and Al was performed in a N2/Ar gaseous ambient. The growth rate of 

GaN films was 1.0 um/hr. To fabricate the LED structures, five periods of InGaN/GaN multiple 

quantum wells (MQWs) and Mg-doped p-type GaN layers were grown on n-type GaN layers. 

The thickness of the MQWs and p-type GaN was 60 nm and 600 nm, respectively. The samples 

were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), 

photoluminescence (PL), and electroluminescence (EL). Figure 4-1 shows a schematic diagram 

of these LED structure samples. 
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Figure 4-1 Schematic diagram of the LED structure. 

 

4.3 Structural analysis of the LED structure 

 

 

Figure 4-2 shows a 2θ/ω XRD scan of the LED structure. The XRD peaks were observed at 

approximately 26.5, 34.5, 36.0, 69.1, and 72.9. These peaks correspond to the XRD peaks 

from MLG 0002, GaN 0002, AlN 0002, Si 400, and GaN 0004, respectively and suggest that the 

AlN and GaN films have highly c-axis oriented structures. 
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Figure 4-3 shows the experimental XRD 2θ/ω scan data (black line) and theoretical fitting 

(red line). The satellite peaks around the GaN 0002 diffraction peak in the XRD curves 

indicated the smooth and abrupt interfaces of the MQWs. The fitting to the experimental curves 

revealed that the MQWs structure consists of five layers of 3.1-nm-thick In0.21Ga0.79N wells and 

five layers of 8.6-nm-thick GaN barriers. Figure 4-4 (a) shows the structure of these MQWs and 

Figure 4-4 (b) shows band structure of MQW.  

 

 

Figure 4-2 XRD curve of the LED structure. 
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Figure 4-3 XRD curve of LED structure around GaN 0002. 

(a)                                              (b) 

 

Figure 4-4 (a) Schematic diagram of the MQWs structure,  

(b) Band structure of MQW. 
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Figure 4-5 shows the EBSD phase mapping for the LED structure. The EBSD phase 

mapping shows only a wurtzite phase GaN signal and that the insertion of AlN inter layer 

effectively suppresses the growth of zincblende phase GaN.  

 

 

 

Figure 4-5 EBSD phase map of the GaN film grown on MLG/SiO2 layers. 

 

The previous chapter reported that the use of a thermally oxidized AlN interlayer produces 

Ga-polar GaN films with flat surface. The image of the LED structure (Figure 4-6 (a)) 

generally resembles the Ga-polar GaN images. Furthermore, the surface morphology of the 

LED structure remained unchanged after KOH etching as shown in Figure 4-6(b). This 

unchanged surface morphology indicates the formation of Ga-polar GaN films [4.5]. The results 

showed that Ga- polar and flat surface LED structures could be grown on amorphous substrates 

with MLG buffer layers. 
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Figure 4-6 SEM images of the LED structure, (a) before and (b) after KOH etching.  

  

 

4.4 Optical properties of the LED structure 

 

4.4.1 PL measurements of the LED structure 

 

Before fabricating LEDs on the amorphous substrates, a feasibility study of the growth of 

InGaN/GaN MQWs on amorphous substrates must be conducted. Therefore, MQWs were 

100nm

(b)
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grown on GaN/AlOx/AlN/MLG/amorphous SiO2 at different growth temperatures by PSD. The 

optical properties of the MQWs were investigated by measuring the PL spectra using a He-Cd 

laser ( = 325 nm) and violet semiconductor laser ( = 405 nm) as the excitation sources. Three 

samples were grown at different MQW growth temperatures: sample A (setting temperature 

660C: blue), sample B (setting temperature 630C: green) and sample C (setting temperature 

610C: red). With decreasing growth temperature, the peak wavelengths of the PL emission of 

group III-nitride MQWs varied from blue to red. Figure 4-7 shows the RT-PL spectra of three 

different InGaN/GaN MQWs. The PL spectra of the InGaN/GaN MQW structures strongly 

depend on the growth temperature [4.6–4.8]. The increase in the growth temperature of MQWs 

increases the desorption of indium because the bonding energy of InN is lower than that of GaN 

[4-9–4.11]. Therefore, the indium content in InGaN films increases with decreasing growth 

temperature and a red shift in the PL peak is observed with decreasing growth temperature.  

 

Figure 4-7 RT PL spectra for MQW samples, A, B and C. 
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The green luminescence of sample B was clearly observed at the peak wavelength of 520 

nm. Figure 4-8 shows the PL spectra of blue commercial LED and green MQW structure 

sample B. The integrated intensity of luminescence from the MQW structure sample B was 

approximately 14 % compared with the blue luminescence from a commercially available blue 

LED whose internal quantum efficiency (IQE) was approximately 50 %.  

With sample B, the IQE of the MQW structure grown on GaN/AlOx/AlN/MLG/amorphous 

SiO2 was identified. Figure 4-9 shows the temperature dependence of the integrated PL intensity. 

The IQE in the MQW active layers was calculated by dividing the integrated PL intensity 

measured at 300 K by the integrated PL intensity measured at 13 K. Because the PL intensities 

of both MQW structures were almost saturated at the measured temperatures below 50K, it was 

assumed that the recombination efficiency of the photo-excited electrons and holes was almost 

100% at 10 K [4.12, 4.13]. The integrated PL intensity ratio (I300K/I13K) is defined as the IQE in 

the MQW. This shows that the ratio of the integrated PL intensity at 13 K to that at 300 K is 

7.4 %, which is comparable to the values, conventional InGaN QW is 17.3%, on the green 

LEDs on conventional sapphire substrates [4.14, 4.15, and 4.16]. We have not yet measured the 

luminous efficiency of white-light emission or the external quantum efficiency of a single color. 
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Figure 4-8 PL spectra of commercial blue reference LED and MQW structure sample B. 

 

Figure 4-9 Temperature dependence of the integral PL intensities of the MQW structure 

(Sample B). 
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4.4.2 EL measurements of the LED structure 

 

After the deposition of Pd/Au and In electrodes on p- and n-type GaN surfaces, the 

electroluminescence (EL) spectra of the LED sample were measured. Figure 4-10 shows the 

structures of the LED grown on amorphous SiO2 substrates with the MLG buffer layers. This 

sample clearly demonstrated strong green light as the green light could be recognized by the 

naked eye under normal illumination conditions. Figure 4-11 shows the EL spectra of the LEDs 

grown on SiO2 with the MLG buffer layers. The EL intensity increased gradually with 

increasing injection current from 2.1 to 10.8 mA. The successful LED operation suggests that 

group III-nitride LEDs can be grown directly on large size and flexible amorphous substrates. 

 

Figure 4-10 Schematic diagram of the LED fabricated on amorphous SiO2 substrate with 

MLG buffer layers. 
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As mentioned above, the peak wavelength of MQW can be controlled by adjusting the 

MQW growth temperature. Blue and red LEDs were successfully produced by changing the 

MQW growth temperature in the MQWs as shown in Figure 4-12. These colour variation of the 

LED samples suggest that group III-nitride LED grown on amorphous substrate can cover the 

entire visible light range.  

 

 

Figure 4-11 Green EL spectra of the LED grown on SiO2 with MLG buffer layers. 
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Figure 4-12 EL images of the LEDs with different growth temperature (a) blue (b) red. 

 

4.5 Summary 

 

Based on the knowledge described in Chapter 2, GaN-based LEDs were fabricated on 

amorphous SiO2 substrates with MLG buffer layers. The use of MLG buffer layers improves the 

crystalline quality of the LED structure dramatically. The insertion of oxidized AlN interlayers 

between the GaN and MLG layer led to the formation of Ga-polar GaN. The LEDs exhibited 

clear EL emissions. The colour of LED could be changed from blue to red by adjusting the 

growth temperature of MQWs. The results suggest that the present technique is a promising 

method for fabricating large-area and flexible devices based on group III-nitrides. 
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Chapter 5  

Summary 

 

This study examined the followings: 

 

 Growth of group III nitride films on amorphous SiO2 substrates with the MLG buffer 

layer by PSD 

 The structural properties of group III nitrides on an amorphous SiO2 substrate with 

the MLG buffer 

 The strain state of GaN and AlN films on amorphous SiO2 substrates with the MLG 

buffer 

 Fabrication of GaN-based LEDs on amorphous SiO2 substrate with MLG buffer 

layers. 

 

Chapter 2 showed that group III-nitride films could be grown successfully on amorphous 

SiO2 with MLG buffer layers by PSD due to the 2 dimentional crystal structure of graphene and 

the supply of high-energy film precursors in PSD. In addition, the structural properties of the 

GaN films on these substrates were examined. The c-axis oriented group III-nitride films could 

be grown on MLG buffer layers. On the other hand, the direct growth of GaN films on the MLG 

buffer layers result in low phase purity GaN because of the coexistence of zincblende and 

wurtzite phases in the GaN films. The interaction between GaN and carbon in graphene could 

explain this low phase purity. Therefore, an AlN interlayer was inserted between the GaN films 
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and MLG buffer layers to remove the direct contact. As expected, the insertion of AlN 

interlayers improves dramatically the phase purity, resulting in wurtzite GaN only. Growth of 

N-polar GaN films on AlN/MLG/SiO2 was identified by KOH wet etching. An AlOx layer on 

AlN was generated by thermal oxidation of the AlN layer, and acts as an ‘inversion layer’. 

Using this thermally oxidized AlN layer, the GaN films grown on AlOx/AlN/MLG/SiO2 were 

Ga-polar.  

Chapter 3 discussed the in-situ curvature measurement system of group III nitride films 

grown by PSD. The reliability of the measurement was also checked. The anisotropic strains of 

a-GaN grown on r-sapphire, which were generated at the initial stages of growth due to the 

anisotropy in the lattice mismatch between a-plane GaN and r-plane sapphire, was measured to 

check the measurement system. The in-situ curvature measurements, the GaN films grown on 

MLG buffer layers indicate a small amount of strain at the initial stages of growth. Ex-situ XRD 

measurements also reveal that a small amount of hydrostatic and biaxial strain accumulated in 

GaN films grown on the MLG layers. The theoretical investigation proposed the epitaxial 

growth of GaN on graphene with small strain. Because of the two-dimensionality of graphene, 

most of the strain generated by lattice mismatch was absorbed on the topmost layer of the MLG 

and a small amount of strain remains in the GaN films 

Chapter 4 described fabrication of group III-nitride LEDs on an amorphous SiO2 substrate 

with a MLG buffer layer. In the sample, strong light emission was observed, even by the naked 

eye, under normal illumination condition. The use of MLG buffer layers improves dramatically 

the crystalline quality of the LED structure. The insertion of oxidized AlN interlayers between 

the GaN and MLG layers confirmed the Ga-polar group III-nitride LEDs. The IQE of the 
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MQWs grown on an amorphous SiO2 substrate with MLG buffer layers was 7.4 %, which is 

comparable with the value for conventionally fabricated green MQWs on sapphire substrates. 

The LEDs exhibited clear EL emissions and the color of the LEDs was changed from blue to red 

by adjusting the growth temperature of MQWs.  

The author extracts the following essentials for obtaining high-quality group III nitride 

films on amorphous substrates from these results. 

• Use of two dimensional crystalline buffer layers is essential to grow high crystalline quality 

nitride films. Graphene is a promising candidate as the crystalline buffer layers, since 

large-area graphene films with highly c-axis oriented structures are available and can be 

easily transferred onto foreign substrates. 

• Formation of abrupt interfaces between group III nitrides and graphene leads to the 

improvement in the phase purity, the crystalline quality, and the surface morphology of the 

group III nitride films. Insertion of the AlN interlayers between GaN and graphene meets 

the requirement mentioned above. 

• Polarity control of the GaN films should be achieved for the fabrication of device structures. 

It was found that the surface oxidization of AlN interlayers leads to formation of Ga-polar 

GaN film on graphene, which is preferable to LED fabrication.  

Based on these findings, we have succeeded in the growth of high quality group III nitride 

films on amorphous SiO2, and demonstrated the operation of full colar LEDs. We suggest that 

since sputtering is very frequently used in the liquid crystal display industry, it is an established 

process that could be adapted to fabricate large-area inorganic LED displays on glass substrates. 
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It should also be noted that state-of-the-art technology in the glass industry can offer roll-to-roll 

processing of flexible glass foils. The combination of these techniques can lead to the 

development of large-area flexible inorganic devices in the future. 
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