
 
 

CHARACTERIZATION OF GaN LAYERS GROWN ON 

SILICON SUBSTRATE BY MOLECULAR BEAM EPITAXY 

 

 

 

 

 

 

 

 

By 

Muhammad Ajaz-un-Nabi 

Ph.D. Thesis 

 

 

 

Department of Physics 

The Islamia University of Bahawalpur, Pakistan 

2014 

 



 
 

CHARACTERIZATION OF GaN LAYERS GROWN ON 

SILICON SUBSTRATE BY MOLECULAR BEAM EPITAXY 

 

A Dissertation Submitted for the Partial Fulfillment for Degree of 

Doctor of Philosophy (Ph.D.) in Physics  

 

 

 

By 

Muhammad Ajaz-un-Nabi 

Ph.D. Thesis 

 

 

 

Department of Physics 

The Islamia University of Bahawalpur, Pakistan 

2014 



 
 

Dedication 

I want to dedicate this thesis to the person who always remained a source of inspiration for 

me, who introduced the importance of Knowledge to the humanity by his narrative "Seek 

knowledge even if you have to go to China". The person is The Last Prophet Hazrat 

Muhammad 

(P.B.U.H.). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

DECLARATION 

I, Muhammad Ajaz-un-Nabi, Ph.D. scholar in the subject of Physics session (2009-

2014), hereby declare that the material printed in this thesis tilted “Characterization of GaN 

layers grown on silicon substrate by molecular beam epitaxy” is my own work and has not 

been submitted in as a whole or in part for any degree at this or any other University. 

  

 

Muhammad Ajaz-un-Nabi 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

CERTIFICATE 

 It is certified that the research work presented in this dissertation entitled 

“Characterization of GaN layers grown on silicon substrate by molecular beam epitaxy” 

by Mr. Muhammad Ajaz-un-Nabi, Ph.D. Scholar (Physics) to fulfill the requirement for the 

degree of Doctor of Philosophy (Ph.D.) in Physics has been conducted under my guidance 

and supervision in the Department of Physics, The Islamia University of Bahawalpur, 

Pakistan. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Prof. Dr. Muhammad Asghar Hashmi 

Supervisor 

Department of Physics 

The Islamia University of Bahawalpur, Pakistan 



1 
 

Acknowledgments 

All praises and obligations to Almighty Allah, the Beneficent and the Merciful, the 

Creator of the Universe, Who enabled me to complete my research work successfully. All the 

blessings go to His Prophet Muhammad (P.B.U.H.), who is the source of guidance and 

knowledge for humanity. 

 Any significant milestone in one's life is made possible by the contribution of many 

others along the way and my research supervisor “Prof. Dr. Muhammad Asghar Hashmi” 

is one of them. His encouragement, unequivocal guidance and endurance provided me the 

opportunity to complete this work. As an adviser, his desire and ability to support me in 

whatever I needed were crucial to finish this task. There are many who from behind the 

scenes have encouraged and supported my study and I wish to thank all of them. I am obliged 

to all my teachers of the department for their kind guidance and help whenever I needed.  

 I want to express my gratitude to Prof. Dr. Ian T. Ferguson, Chairman, Department of 

Electrical and Computer Engineering, University of North Carolina, Charlotte, NC, USA for 

providing me place and access to research laboratories of UNCC. During my Stay at UNC, 

Charlotte, Dr. Na Lu, Dr. Andrew Melton and Mr. Bahadir Kuckuguk remained very helpful 

in my research. I am very thankful to all of them. It is the time to express my gratitude to Dr. 

Adnan Ali and Dr. Muhammad Imran Arshad to help me a lot during my research and 

especially in dissertation writing. My Lab fellow Dr. Faisal Iqbal, Dr. Khalid Mahmood, Mr. 

Asif Nawaz and Mr. Faisal Malik have been very helpful during my research work; 

especially they helped me a lot to explore the data, for this I can only pray for every success 

in their life. I would take this opportunity to express my gratitude to all my class fellows and 

colleagues especially Mr. Muhammad Isa Khan and Mr. Muhammad Zafar Rashid for their 

valuable suggestions and time to time fruitful discussion. Special thanks goes to Prof. Dr. 

Nasir Amin for being kind and supportive in my studies.  

I wish to express my deepest regards to my parents, who have always been there for 

me no matter what happens. My loving wife “Khadija” and sweet daughter “Dua” thank you 

for your endless trust, love and encouragement. I am very grateful for your patience and 

inspiration.    

At the end, I must appreciate The Islamia University of Bahawalpur and The Higher 

Education Commission (HEC), Pakistan for technical and financial assistance respectively. 

 

 
Muhammad Ajaz-un-Nabi 

 



2 
 

Abstract 

 During last few decades, GaN has been considered a promising semiconductor 

material for the electronic and optoelectronic devices due to its remarkable properties. The 

development of GaN based devices on Si substrate rely on the growth of good quality GaN 

layers and their properties. In this study, GaN layers were grown on Si substrate and 

aluminum nitride (AlN) was grown as buffer layer on silicon (111) prior to the GaN in the 

MBE chamber with a base pressure of 1.4×10
-9 

Torr. Subsequently the grown GaN layers 

were subjected to a number of characterization techniques that include X-ray diffraction, 

scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS), 

photoluminescence (PL) spectroscopy and Raman spectroscopy. Schottky diodes were 

fabricated for the electrical measurements specifically for bandgap defect study using deep 

level transient spectroscopy (DLTS). A strong x-ray diffraction peak appears at 34 degree 

confirming the single crystal growth of GaN. SEM images revealed the formation of 

hexagonal pits on the surface of all the samples. A number of emission peaks are observed in 

the PL spectrum at 2.62, 2.88, 3.32 and 3.75 eV that are related to the band edge emission, 

yellow emission and silicon atoms sitting at nitrogen atoms. Raman measurements showed 

the E2 (High) and A1 (LO) vibrational modes present at 570 and 740 cm
-1

 with peak shifting 

for E2 high mode explaining the presence of compressive stress in the GaN film.  

 Deep level transient spectroscopy along with current voltage (I-V) and capacitance 

voltage (C-V) measurements provide a detailed information about the device and bandgap 

defects present therein. The I-V and C-V measurements were carried out in temperature range 

150 – 400 K.  Ideality factor and barrier height were calculated, where ideality factor 

decreases with the temperature and barrier height was seen to increase with the temperature. 

DLTS measurements revealed the presence of a single defect level and Arrhenius plot was 

used to determine the energy of the trap that happened to be 0.23 ± 0.02 eV and capture cross 

section 3.18 × 10
-18

 cm
2
. From the literature review, it is surprising that the defect level is not 

intrinsically related to the as grown GaN layers. Rather the energy level is related to the 

silicon atoms sitting at the nitrogen position in the lattice structure of GaN. The presence of 

the silicon related defect in GaN layer is most probably related to the growth conditions as 

the growth temperature was 1050 
o
C. At this high temperature the out diffusion of silicon 

atoms becomes prominent. This hypothesis is verified by the growth of silicon carbide (SiC), 

where a layer of carbon is deposited at high temperature that resulted in the formation of SiC. 
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The presence of a defect level in the as grown GaN layers suggests that the buffer layer was 

unable to stop the migration of Si atoms from the substrate into the GaN. Though the buffer 

helps to reduce the dislocation density and the stress that would otherwise exists but a critical 

thickness of AlN is necessary to stop the diffusion of Si atoms during high temperature 

growth or either low temperature growth of GaN should be performed. The results of DLTS 

were also supported by the PL emission spectrum where peaks appearing at 3.2 eV are 

assumed to be originated from the silicon atoms sitting at the position of nitrogen in the 

lattice of GaN i.e. SiN. 
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Chapter 1 

Introduction 

 Michael Faraday was the first person who observed first time in 1833 that silver 

sulphide has negative temperature coefficient of resistance. But it was not the time when the 

concept of semiconductor materials arose. The concept of semiconductor materials was 

introduced in 1914 by Koenigsberger. However, the mass production of semiconductor 

devices was started after a remarkable invention of point transistor in 1947 by Shockley, 

Brattain and Bardeen. From then on, a huge number of silicon based microelectronics devices 

have been fabricated and manufactured throughout the world.  

 Silicon is still the dominant semiconductor material in the electronics industry. But 

due to its incapability of covering all the needs of electronics and optoelectronics industry, 

scientists and researchers started to find new materials according to the needs of industry. In 

this scenario, a new group of semiconductor materials III-nitrides (GaN, AlN and InN) have 

emerged and demonstrating their promising future due to their remarkable properties. 

However among these nitrides, GaN stands prominent. It is because of its number of 

electrical and optical properties which can be tailored by addition of other materials and 

making its use for specific electronics and optoelectronics applications. GaN is particularly 

attractive material in terms of high frequency performance due to its high saturation velocity 

(2.7 × 10
7
 cm/s), large break down field (2.7 × 10

6
 cm/s) and wide band gap (3.37 eV at room 

temperature). The excellent thermal conductivity and high break down field of GaN provide 

additional benefits for high temperature and high power electronic devices [1-3]. Use of GaN 

and other nitride based materials in light emitting diodes (LEDs) and laser diodes (LDs) have 

an apparent advantage of longevity over II-VI materials [4]. Some typical applications of 

GaN are light emitting diodes (LEDs), laser diodes, high electron mobility transistors, metal 

oxide semiconductor field effect transistors (MOSFETs), ultra violet photodetectors and 

Schottky rectifiers[5-7]. GaN-based materials have produced blue laser diodes with lifetimes 

in excess of 10,000 hrs, and field-effect transistors with power outputs of 2.6 Wmm
-1

 at 10 

GHz [4]. Another important aspect is the integration of GaN with InN for solar photovoltaic 

applications which covers almost the whole solar spectrum [8].    

 GaN was first synthesized by Juza and Hahn in 1930 by passing ammonia (NH3) over 

liquid gallium (Ga) at elevated temperatures [9]. But in late 1970s, research on GaN was 
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ceased everywhere because of continuing worries with the growth of high quality GaN films 

for device development. The issues with the growth of high quality GaN films were the 

unavailability of appropriate substrate, control of very high intrinsic n-type conductivity and 

difficulties with obtained high quality p-type conducting GaN films. However, in the early 

1990s, the revival of GaN material‟s research was led by the great achievements of Amano, 

Akasaki and Nakamura [10-12]. After the resurgence of GaN material, the researchers and 

scientists showed great intention towards this material and GaN based optical applications 

have reached the stage of commercialization first time in history.  

1.1 Overview of Growth of GaN 

The full potential of III-nitrides for various optoelectronic applications requires 

significant progress in the areas of heteroepitaxial growth, crystal structure and 

microstructure, impurity doping, formation of defects, alloying phenomena, and the 

formation of homojunction and heterojunction structures. A systematic study of these issues 

is important in order to develop predictive and reproducible methods of growing these 

materials with desired physical properties. 

The various thin-film deposition methods employed in the growth of GaN and other 

III-V nitrides have a number of advantages. The chloride transport method, which was 

developed in the late 1960s by Maruska and Tietjen, is characterized by high growth rates, 

which lead to thick films with smaller concentrations of misfit-related defects close to the 

free surface and potentially can be useful as a substrate material [13]. The metal-organic 

chemical vapor deposition (MOCVD) method has been used by Nichia, Inc. for the 

fabrication of III-V nitride LEDs and lasers (Nakamura, 1998), and upon optimization has 

some attractive features for the manufacturing of these devices (Denbaars and Keller, 1998). 

The molecular beam epitaxy (MBE) method has a number of advantages for the study of new 

materials and in particular for the study of epitaxial phenomena, because it is equipped with a 

number of in situ probes that monitor the growth in real time. In addition, the MBE process 

has emerged as a practical growth method for the fabrication of GaAs microwave and 

optoelectronic devices. This method has been employed recently for the growth of the entire 

family of III-V nitrides and has led to materials with physical properties equivalent to those 

produced by the MOCVD method. Due to its advantages over other methods, we used 

molecular beam epitaxy (MBE) for the growth of GaN samples in our study.  
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1.1.1 Choice of Substrate 

The choice of substrate highly influences the properties of semiconductor materials, 

therefore the selection of appropriate substrate is mandatory to achieve high quality 

semiconductor thin films. In the history of GaN material, the choice of suitable substrate 

remained a great problem. Due to unavailability of bulk GaN crystals commercially, most 

researchers relied on heteroepitaxy which is the growth of materials/devices on another 

material. The basic criterion for the choice of heteroepitaxial substrate is lattice constant 

mismatch. Other properties of materials e.g. crystal structure, surface finish, composition, 

reactivity, thermal and electrical properties are also important in determining the suitability of 

substrate material. A wide variety of materials has been studied for the growth of GaN 

including insulating metal oxides, metals, metal nitrides and other semiconductors. However, 

most commonly used substrate materials for heteroepitaxy of GaN thin films and GaN-based 

devices are SiC and sapphire. But these substrates are insulating in nature and are very costly. 

These materials are also not available in large diameters. Hence, the intention of researchers 

has now been converted towards the use of silicon as substrate material for the growth of 

GaN materials.   

1.2.2 Why Silicon as Substrate (Motivation) 

Silicon due to its favourable properties attended the great attention of material 

scientists and researchers to utilize as substrate for heteroepitaxy of GaN based structures and 

devices. Silicon substrates are low cost, available in large diameters and have well 

characterized thermal and electrical properties. Also silicon has good thermal stability under 

GaN growth conditions. The Growth of GaN on silicon will considerably reduce the cost of 

GaN based devices and make these devices affordable for everyone. Furthermore, the light-

emitting diodes based on heteroepitaxy of GaN over Si substrate will make it possible to 

combine optoelectronic properties of GaN with highly advanced silicon electronic devices in 

optoelectronic integrated circuits (OEICs) [8-14]. However, along with all these advantages, 

the use of Si as substrate has also certain issues. The main problem is large lattice mismatch 

(16%) and thermal expansion coefficient mismatch (54%) which in turn leads to the growth 

of low quality GaN films. The higher density of defects in these films reduces the 

luminescence efficiency of GaN based optoelectronic devices in some cases. However, to 

overcome the issues of lattice and thermal mismatch, instead of direct growth of GaN on un-
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patterned Si, AlN, SiN and GaN buffer layers have been employed to reduce the lattice 

mismatch. The effect of buffer layer on the properties of GaN was studied and reported in 

literature in recent years [15-18].  

1.3 Study of Defects 

The study of defects is very important in device fabrication as many properties e.g. 

life time, performance and efficiency of electronics and optoelectronics devices greatly 

affected by the presence or absence of defects. The absence of sufficient data to understand 

the fundamental properties and nature of deep level defects especially non-radiative defects in 

GaN grown on Si substrate was the primary motivation for our work. In this thesis, GaN 

samples grown on Si substrate by molecular beam epitaxy were characterized by using 

optical and electrical techniques. The main focus during this work was on studying the effect 

of buffer layer growth and Si substrate on the introduction of deep level defects in GaN layers 

grown by molecular beam epitaxy (MBE). Accordingly, work presented in this thesis would 

be divided into two parts – one consisting of the comprehensive study of the structural, 

optical and electrical properties of GaN layers and GaN/Al Schottky diodes and the other 

focusing mainly on the exploration of the origin of deep levels present in the characterized 

samples. The later part also includes the comprehensive study of origin and characteristics of 

defect level E1 having activation energy 0.23 eV found in the spectra of deep level transient 

spectroscopy (DLTS) of Au/GaN/AlN/Si/Al structure. The study of thermoelectric properties 

of GaN based structures were also investigated in this work.   

1.4 Thesis Organization 

Chapter 1 of this dissertation comprises an overview of importance of GaN and an 

introduction of defects found in MBE grown GaN samples. The motivation for carrying out 

the detailed analysis of these defects is also a part of this chapter. Chapter 2 outlines the 

history and structural properties of GaN and gives a brief classification of various defects in 

GaN. It also includes a historical review of deep level defects in GaN. Chapter 3 describes in 

detail, the theoretical background and experimental details of various techniques especially 

MBE and MOCVD for the growth of GaN and GaN-based structures. In chapter 4, we 

discuss the theoretical background of various electrical parameters characterizing a deep-
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level e.g. emission rates, ionization energies, capture cross-sections and production rates. The 

other structural, optical and thermal characterization techniques used in this work are also 

described in this chapter. All the details of growth of samples, data acquisition and analysis 

are given in chapter 5. Chapter 6, 7 and 8 include the results and discussion. Finally the main 

conclusions of the whole work are highlighted at the end of the thesis. 
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Chapter 2 

General Review of GaN: Characteristics and Applications 

The present chapter provides a short review of physical, optical, structural and 

electrical properties of GaN and its compounds. It also includes an overview of GaN 

applications in the field of electronics and optoelectronics. It should be kept in mind that 

research in the field of GaN is advancing very rapidly, and many fundamental parameters do 

not have sufficiently accurate generally accepted values yet. At the end of this chapter, a brief 

literature review of electrically and optically active defects in GaN grown on silicon and 

sapphire substrate will also be given.  

2.1 An Overview of Properties of GaN 

GaN is a wide band gap semiconductor material that belongs to the famous III-

Nitrides group of semiconductor materials. The other members of III-Nitrides group are BN, 

AlN and InN. The materials of this group are famous for their hardness and high melting 

points. The reason of these properties is the large difference between the electronegativity of 

nitrogen and other member of group III. These properties make III-Nitride materials very 

attractive for applications in high temperature and harsh radiation environment. The most 

notable material of this group is GaN which has very promising characteristics to be material 

for optoelectronic and thermoelectric applications [19, 20]. GaN itself has bandgap of 3.44 

eV (hexagonal wurtzite) and it crystallizes into three structures: the hexagonal wurtzite, zinc 

blend and rock salt structure. But, with zinc blend structure, the bandgap of GaN lowers to 

3.2 eV. The hexagonal wurtzite structure of GaN is the most thermodynamically stable 

structure and almost all the research is focused on this structure type. Furthermore, this type 

is widely used in commercial GaN based devices, so in the rest of the chapter, we will focus 

on the properties of hexagonal wurtzite GaN and related structures. A comparison of 

Properties of GaN and other III-Nitride semiconductor materials with the same crystal 

structure is summarized in Table 2.1.  
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Table 2.1: Basic properties of GaN and other relevant III-Nitride semiconductor materials 

[21] 

Property GaN AlN InN 

Crystal Structure Wurtzite  Wurtzite Wurtzite 

Bandgap  

(eV) 

3.44 6.20 1.89 

Lattice Constant  

(A
0
) 

a = 3.189 

c = 5.185 

a = 3.112 

c = 4.982 

a = 1.89 

Thermal Expansion  

(× 10
-6

K) 

δa/a = 5.59 

δc/c = 3.17 

δa/a = 4.2 

δc/c = 5.3 

δa/a = 4 

δc/c = 3 

Thermal Conductivity 

(W/cm.K) 

2.1 2.0 2.9 

Refractive Index 2.33 2.15 2.9 

Density  

(g/cm
3
) 

6.15 3.25 6.81 

Electron Affinity 

(eV) 

4.1 0.6  

Debye Temperature  

(K) 

600 1150 660 

Optical Phonon Energy 

(meV) 

91.2 99.2 73 

Effective Electron mass 0.2m0 0.4m0  

No. of atoms in 1 cm
3 

8.9 × 10
22 

9.58 × 10
22 

6.4 × 10
22 

Room Temperature mobility  

(cm
2
/V.s) 

1245   
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2.1.1 Crystal Structure of GaN 

The hexagonal structure of GaN consists of two hexagonal lattices: one comprises of 

gallium atoms and other of nitrogen atoms. These two sublattices interpenetrate into each 

other with an offset along the c-axis by 5/8 of the cell height. Crystal structure of wurtzite 

GaN is shown in Fig. 2.1. 

 

Figure 2.1: Hexagonal wurtzite crystal structure of GaN consisting of two interpenetrating hexagonal 

lattices. 

The staking sequence of the wurtzite structure is as 

-------GaANAGaBNBGaANAGaBNB--------------- 

Whereas the zinc blend structure has the following staking sequence  

  -----GaANAGaBNBGaCNCGaANAGaBNBGaCNC--------- 

The lattice parameters “a” and “b” are equal in case of wurtzite structures [21-23]. 
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The chemical bonds of GaN are covalent and each atom is tetrahedrally bonded with 

four atoms of the other type. The large difference of electronegativity between Ga and N 

atoms causes a significant ionic contribution to the bond which determines the stability of the 

structural phase.   

The lattice parameters of GaN material system can be altered by the incorporation of 

another element from III-group. The famous example of this type of alloys is InxGa1-xN. The 

lattice parameters of material directly depend on the fraction “x” of foreign atom A and can 

be calculated by using the Vegard‟s law [24], 

  (        )     (  )  (1-x).a(GaN)    2.1   

  (        )     (  )  (1-x).c(GaN)    2.2 

where “A” is the foreign atom from group III.   

2.1.2 Electronic Structure of GaN 

 The electronic band structure of a semiconductor material plays a crucial role in the 

understanding of electrical properties of the material as well as the study of defects is highly 

dependent on the electronic structure. The detailed E-K band diagram of GaN is shown in 

Fig. 2.2. All the information about holes, electrons, effective masses and bandgap can be 

extracted from this diagram.  

 The luminescence measurements of the exciton lines are considered to be the most 

accurate tool to determine the energy gap of GaN and other III-Nitrides. To recover the actual 

bandgap, the estimated binding energy is added to the observed transition energy of the 

exciton. Some photoluminescence and absorption studies led to the range of energy gap Eg = 

3.474-3.496 eV at 0 K [25]. Some other studies [26] showed the dependence of bandgap on 

thickness of the layer and they attributed it to the strain in bulk layers. For very thick layers 

of bulk GaN (several hundred micro-meters), the bandgap was measured equal to 3.38 eV at 

300 K.  

 Furthermore, the temperature dependent bandgap of semiconductor material (GaN 

here) can be calculated by using the Varshni‟s relation 

  ( )    ( )  
   

   
       2.3 
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whereα (meV/K) and β(K) are fitting parameters and the characteristics of a specific material 

[27]. Thus the bandgap of a semiconductor material can be altered by changing material 

temperature. The values of α and β for GaN system are 0.0006049 meV/K and 342.2 K 

respectively [28]. 

 

Figure 2.2: Energy dispersion relation for GaN 

 Another way to engineer the bandgap of GaN is the incorporation of another atom of 

group III. The bandgap of resulting ternary alloy AxGa1-xN, where A is the incorporated atom 

of group III, can be calculated by using the following relation  

  (        )  (   )   (   )      (  )    (   )   2.4 

where C is a bowing parameter accounting for the deviation from linearity [29].  

2.1.3 Polarization Effects in GaN 

 Polarization is the property of bulk materials and has significant impact on material 

properties and device performance. The involvement of nitrogen, the smallest and most 

electronegative element of group V, affects the properties of III-Nitrides significantly because 

of lack of electrons in its outer orbital. The electrons involved in the nitrogen-metal covalent  
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Figure 2.3: The wurtzite crystal structure of GaN showing Ga-face and N-face [12] 

bond are strongly attracted by the columbic potential of nucleus of nitrogen, and resulting a 

strong iconicity in the covalent bond. As GaN crystal lacks inversion symmetry, this iconicity 

results in a macroscopic polarization. Epitaxial GaN can grow in [0001] or      ̅  

orientation, as shown in Fig. 2.3. In case of growth of GaN in [0001] orientation, the ionic 

bonds are formed from Ga-cation to N-anion and the resulting polarity is called Ga-face. For 

reverse bonds, the polarity is called N-face. In addition to the iconicity of covalent bonds, the 

variation of crystal from ideality also affects the degree of polarization [30].  

2.1.4 Thermal Properties of GaN 

 Thermal conductivity of a semiconductor material is a key parameter to define its 

range of applications. For high power and high frequency devices, good thermal conductivity 

is the measure of ease with which dissipated power can be removed as heat from the device. 

But, on the other hand, low thermal conductivity also plays a significant rule to enhance the 

figure of merit in thermoelectric applications. This prospective will be discussed in the 

respective section. The thermal conductivity of GaN is comparable with Si and much higher 

than other conventional semiconductor materials. The thermal conductivity was first 

measured by Sichel and Pankove and reported a value of 1.3 W/cm.K [31].  However the 
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later studies showed improved thermal conductivity values in the range of 1.3-2.4 W/cm.K 

[32-36]. 

2.2 GaN: A Promising Thermoelectric Material 

 The interest in the thermoelectric materials is increased in the last decade because of 

high energy demands along with energy efficient technologies. Thermoelectric materials are 

capable of converting waste heat into electricity. So, they can improve the system in two 

ways: by waste heat recovery and effective solid state cooling. The capacity of a material to 

convert heat energy into electricity is measured by figure of merit “ZT” which is given as 

   
   

 
      2.5 

where S is Seebeck coefficient, ζ is electrical conductivity, k is thermal conductivity and T is 

temperature [19]. The electrical properties of a thermoelectric material are combined in 

power factor P = S
2
ζ. The current research in the field of thermoelectric materials is focused 

onto two strategies to find suitable thermoelectric materials. The one is to reduce the thermal 

conductivity of the material and the other to enhance the power factor.  

 III-Nitride semiconductor materials, especially InGaN, have several significant 

features that make them suitable for high temperature thermoelectric applications. In order to 

operate for high temperature applications, the material must have temperature stability and 

have minimum wide bandgap ~ 10KBT, where KB is the Boltzman constant and T is 

operating temperature. GaN and its alloys exhibit both the properties i.e. high temperature 

stability and wide bandgap, so making it a promising thermoelectric material for high 

temperature applications. The possibility of integration with III-Nitride devices, radiation 

hardness and their non-toxic nature are the additional advantages [19, 37-40].       

2.3 Application Areas 

Many remarkable properties of III-Nitrides make them particularly attractive for 

reliable solid state devices. The direct bandgap of GaN and its alloys enables them to be used 

in both optoelectronics and electronics applications. GaN and its alloys, besides large direst 

bandgap, have high electron saturation velocity, high thermal conductivity and extremely 
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thermally stable structure which allows them to be used as a material for high power and high 

temperature electronics devices. The direct bandgap of III-Nitrides covers the energy 

spectrum from red (1.9 eV) to deep ultra-violet (6.2 eV), as shown in Fig. 2.4, due to which 

recently they have become the basic material for short wavelength optoelectronic devices. 

Few recent studies also explore a new application area for GaN and its alloys by finding that 

these materials are biocompatible [41]. So, in future, GaN based electronics and 

optoelectronics may be fabricated on living organisms. 

 

 

 

 

 

 

 

 

 

Figure 2.4: Bandgap energy vs. lattice constant for various semiconductor materials [42]. 

2.3.1 LED Applications 

 It was 1993, when the invention of blue GaN based LED by Nakamura brought a 

revolution in the field of optoelectronics. Several years before this invention, scientists 

already had been fabricated red LED based on GaAs1-xPx and green LED based on GaP:N. 

But, a full colour image requires the combination of green, red and blue pixels. All that 

missing was blue LED to realize the flat LED screens for applications in computer and 

television. So, the invention of blue GaN based LED started a new area in the modern 

technology. Now, short wavelength LED‟s are widely available in market and replacing high 
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energy tungsten light bulbs. Low power requirement, high efficiency and long life span are 

the main advantages of LED based light applications. Furthermore, coloured lenses and filters 

are not required because LED‟s emit directly coloured light and the colour is determined by 

the composition of semiconductor material. Other important GaN based LED applications 

cover the following areas: backlighting (cell phones, PDAs), white light (flash lights, car 

headlights), general lighting, medical (sensors, surgical goggles), water purification systems 

and traffic signals. Proper thermal management was also remained a significant issue for 

LED applications, however, vertical LED structure has been proven to be a good solution for 

this issue [43-47].  

2.3.2 Laser Applications 

 Laser diodes that are used in today‟s CD and DVD systems, such as Infra-red 

AlGaAs-based and red AlInGaP-based laser diodes have been around for decades. But the 

demands of rapidly increasing market of DVD are short wavelength and high power laser 

diodes. The typically power of currently used AlInGaP laser diode for DVD systems is about 

5 mW and wavelength is about 650 nm. But, the demand of market is high power for faster 

read/write operations and short wavelength to increase the storage capacity of DVD system. 

GaN based laser diodes have already been demonstrated and an intensive research has been 

done in this field for last 15 years. Using GaN based blue, blue/green and violet laser diodes 

in DVD systems, it is already possible to store a huge amount of data (approximately 27 GB) 

on a single layer 12 cm DVD disk, which is about six time of the storage that is possible with 

ordinary red laser diode. The other fields in which GaN based laser diodes can be used are 

laser printing, projection displays and medical. In medical, the laser-induced fluorescence 

(LIF) methods are also using GaN based blue laser diodes. LIF method is applied for clinical 

diagnosis in dermatology, gynecology, urology, lung tumors and early dentin caries [42, 48, 

49]. 

2.3.3 GaN as Ultraviolet Detectors 

 Semiconductor materials whose resistivity is sensitive to electromagnetic radiation 

especially radiation with energy higher than their band gap are natural choice for photo-

detectors. As GaN and other III-Nitrides are direct bandgap semiconductor materials with 

excellent optical and transport properties, so these materials standout as a promising 

candidate for visible-blind detectors. GaN based visible-blind detectors have shown 
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tremendous potential for applications in harsh radiation environment and at elevated 

temperatures. The research in this field is on the way. Further improvement in technology and 

designs, in material quality, contacts, surface passivation etc. should lead to the development 

of much better devices [50].    

2.3.4 Electronic Applications 

 GaN based materials also have excellent potential to be used in high power/high 

temperature microwave applications because of its high electric breakdown field (3MV/cm) 

and high electron saturation velocity (1.5 x 10
7
 cm/s). The wide bandgap of GaN (3.44 eV at 

room temperature) enables the application of high power supplies which is the fundamental 

requirement of high power electronic devices. The wide bandgap also permits the material to 

with stand at elevated temperatures. Another big benefit of GaN is the possibility to grow 

heterostructures such as AlGaN/GaN. Large drain currents which are the other requirement 

for power devices can also be achieved because of high electron sheet densities and electron 

mobilities in GaN. Such devices GaN based high electron mobility transistors (HEMT) have 

already been commercially offered since 2006. These devices have been employed in 

wireless infrastructure due to their high efficiency and high voltage operation. For high 

frequency telecom and aerospace applications, the research is on the way to develop shorter 

gate length devices. An overview of applications of GaN based devices in micro-electronics 

is given in Fig. 2.5 [42, 51, 52].  

 

  

 

 

 

   

 

Figure 2.5: GaN based micro-electronics applications [42].  

GaN and its Alloys 



27 
 

2.4 Technical Concerns in GaN and Related Alloys 

 GaN and related alloys have already shown tremendous potential for applications in 

the field of electronics and microelectronics as shown in the above discussion. However, to 

achieve the maximum in respect to these applications, various issues in GaN need to be 

resolve. The choice of suitable substrate material, suitable material and fabrication method 

for electrical contacts and study of shallow and deep level defects are few of those important 

concerns which needs to be fixed. In later sections, we will discuss each of these issues 

separately in detail. 

2.4.1 Choice of Substrate for Fabrication of GaN Thin Films 

 Heteroepitaxy which is the growth of crystal structure on a substrate of another 

material is employed to grow GaN based devices because of commercially unavailable GaN 

templates. So, the choice of suitable material for substrate is an important concern in GaN 

epitaxy. The primary criterion that is used to select the suitable material is the lattice 

parameter mismatch. The other parameter such as material‟s crystal structure, composition, 

surface finish, reactivity, chemical, electrical and thermal properties are also important to 

determine the suitability of substrate material because all these parameters directly influence 

the properties and quality of grown crystal structure. The problems related to heteroepitaxy 

are summarized in Table 2.2. 

A number of materials have been studied for this purpose including metal oxides, 

metals, metal nitrides and other semiconductors [53]. But, sapphire and SiC are the materials 

that are most frequently used for the growth of GaN based crystal structures and devices as 

substrate. However, in the recent years, Si showed a potential to be alternate of these 

substrate materials due to its number of advantages. Silicon wafers are commercially 

available in large diameters and also have well characterized electrical and thermal 

properties. The other advantages of Si substrates are low crystal defect density, zero micro-

pipes or other macro-defects and offer a very high quality surface that is needed for epitaxy. 

The light-emitting diodes based on heteroepitaxy of GaN over Si substrate will make it 

possible to combine optoelectronic properties of GaN with highly advanced silicon electronic 

devices in optoelectronic integrated circuits (OEICs). Furthermore, the cost of Si wafers as 
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compared to sapphire and SiC is very low that considerably reduces the cost of GaN based 

devices and makes these devices affordable for commercial and domestic application [54-60].  

Table 2.2:Summary of problems related to heteroepitaxy [53]. 

Property of substrate  Consequence 

Lateral (lattice constant 

a) mismatch 

High dislocation densities causing: high leakage currents, short 

minority carrier lifetimes, reduced thermal conductivity, rapid 

Impurity diffusion pathways  

Vertical (lattice constant 

c) mismatch 

Antiphase boundaries, inversion domain boundaries    

Surface steps Staking mismatch boundaries 

Thermal expansion 

coefficient mismatch 

Thermally induced stress in the film and substrate, crack 

formation in the film and substrate 

Low thermal 

conductivity 

poor heat dissipation 

Different chemical 

composition that the film 

Contamination of film from the elements of substrate, electronic 

interface states created by dangling bonds, poor wetting of the 

substrate by the growing film 

Non-polar surfaces Mixed polarity in the epitaxial film, inversion domains 

 Despite of all these advantages, Si has various issues that need to be resolved yet. The 

main issues related to growth of GaN on Si substrate are lattice mismatch (17%) and thermal 

expansion coefficient mismatch (56%). Another issue is the formation of amorphous silicon 

nitride layer when Si substrate exposed to reactive nitrogen source. However, the motivations 

to grow GaN on Si remains high and many research groups reported good progress in the 

growth of high quality GaN based devices on Si substrate including field effect transistors, 

Schottky barrier ultraviolet detectors and blue LEDs [61-63]. For GaN epitaxy on Si 

substrate, the two orientations Si(111) and Si(001) are most common. We discuss both 

separately. 
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GaN Epitaxy on Si(001) 

 The growth of GaN on Si(001) is of particular interest because Si(001) is the most 

common type used in industry for electronic devices. So growth of GaN on Si(001) makes it 

more easily adoptable for industry. To avoid lattice mismatch between GaN epilayers and the 

substrate and to prevent the nitridation of Si substrate, the concept of introduction of buffer 

layer has been widely accepted and many research groups have demonstrated the growth of 

good quality GaN layers on Si(001) by different techniques. AlN, and 3C-SiC are the two 

most prominent types of buffer layers [64-67]. 

GaN Epitaxy on Si(111) 

 Si(111) is the most preferred substrate for GaN epitaxy and many research groups 

have already demonstrated good quality GaN based structures and devices on it [61, 63, 68, 

69]. The main issues related to growth of GaN epilayers on Si(111) are discussed here one by 

one. One of the issues is non-isomorphic nature of Si that may possible lead to the formation 

of stacking mismatch boundaries (SMBs). However, to overcome this issue, the surface 

preparations to reduce irregularities on the substrate surface may be helpful as shown by 

Martin et al. [70]. Various types of buffer layers such as AlAs, GaAs, AlN, GaN, ZnO and 

3C-SiC have been also employed to overcome the lattice constant mismatch and thermal 

expansion coefficient mismatch. The quality of deposited GaN layers grown on Si(111) 

strongly depends on the properties of buffer layer. The choice of buffer layer is still an open 

issue to be worked on by researchers. In recent years, some research groups demonstrated 

good quality GaN layers grown on Si substrate [64-66, 71, 72]. 

2.4.2 Electrical Contacts to GaN 

 The achievement of acceptable and reliable devices made of GaN relies much upon 

the development of both low contact resistance i.e. Ohmic contacts and rectifying contacts 

i.e. Schottky contacts. These contacts are the basic building blocks of any advanced 

technology. Before discussing the work done in the field of developing electrical contacts, we 

present a brief introduction of both Ohmic and Schottky contacts.  

Ohmic Contacts to GaN 

An Ohmic contact is normally defined as having linear current-voltage characteristics. 

The Ohmic contact is necessary for realizing any kind of long life semiconductor devices. It 
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carries electrical current into and out of the semiconductor, ideally with no contact resistance. 

The contact resistance is however, one of the major difficulties for realizing long life time 

operation of electrical and optical devices. If the contact resistance between the 

semiconductor and the metal is high, the device performance will be affected through contact 

failure and/or thermal stress [73]. 

The one of the main obstacles to improve the efficiency and quality of GaN based 

devices is the development of high quality, low resistance and thermally stable Ohmic 

contacts. In the past years, a number of attempts have been made to get low resistance and 

thermally stable contacts. The most widely used Ohmic contact to n-GaN is Al/Ti based 

structure. Initially, the single Al layers were studied; however, the addition of Ti structure 

highly improved the quality of contact. The Au/Ti layers were also studied to fabricate the 

Ohmic contacts to GaN. Ti/Al/Ni/Au were also demonstrated for low resistance and 

thermally stable at high temperatures. Many surface preparation techniques also have been 

proposed to enhance the quality of these contacts [74-76].    

Schottky (Non-Ohmic) Contacts to GaN 

High quality Schottky contacts are required for different GaN based device 

applications. A Schottky contact is a rectifying metal-semiconductor contact. For GaN and 

other highly ionic semiconductors, the difference of metal‟s work function and electron 

affinity of semiconductor strongly affects the barrier height of the metal-to-semiconductor 

contact.  There are different problems associated with the formation of a Schottky contact in 

GaN, such as surface states, contaminations, defects in the surface layer and the diffusion of 

the metal into the semiconductor. Various metals have been studied for the reliable Schottky 

contact to GaN. The most common ones are Au (ɸm= 5.1 eV), Pt (ɸm= 5.65 eV), Ni (ɸm= 5.15 

eV), and Pd (ɸm= 5.12 eV) [77-79]. The main issue is the degradation of contact metals at 

high temperature. To improve the stability of Schottky contacts at high temperature, various 

approaches have been demonstrated addition of Si in to Ni and Pt, multilayers and alloys and 

proved fruitful [80-82]. 

2.4.3 Deep Level Defects in GaN 

 The presence of deep and shallow levels in the material has a significant 

impact on the life time, performance and efficiency of electronic and optoelectronic devices. 

Defect free material is always desirable but growth conditions (vacuum level, choice of 
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precursors and substrate temperature etc.) and lattice mismatch between grown film and 

substrate are some of the main causes for the production of defects (point defects, 

dislocations, voids, vacancies, interstitials etc.).  In this scenario, the important function of 

defects in semiconductor materials especially GaN which is considered as potential element 

of future and current electronic and optoelectronic industry; an in-depth and detail study of 

the origin and properties of defects should be carried out. Here we briefly summarized the 

efforts made by different researchers to study the deep level defects in GaN. A good detailed 

data is available on the origin and properties of deep level defects in GaN grown on various 

substrates especially on sapphire [83-91], but as per literature survey done during this study, 

no data is found on study of the deep level defects in GaN epilayers grown on Si substrate. 

However, many research reports are available on the growth, structural and optical study of 

GaN epilayers grown on Si substrate [92-96]. A detailed understanding of deep level defects 

in GaN grown on Si substrate is necessary to use it in electronic and optoelectronic 

applications. So, in the above scenario, a vast field is available for researchers to study the 

origin and properties of deep level defects in GaN layers grown on Si substrate. A summary 

of research work done to explore the deep level defects in GaN epilayers grown on sapphire 

and other prominent substrates is presented here.       

 Many research groups have reported on deep level defects with energy ranging from 

0.10-1.30 eV in GaN epilayers grown by different techniques. Such as metal organic 

chemical vapour deposition (MOCVD), molecular beam epitaxy (MBE), metal organic 

vapour phase epitaxy (MOVPE) and hydride vapour phase epitaxy (HVPE). They attributed 

these defects to vacancy, interstitial, antisite, line defect, dislocation and impurity related 

defects. 

Soh et al. [83] reported three electron traps at EC - ET ~ 0.10– 0.11, 0.24–0.27 and 

0.59–0.63 eV in undoped GaN, Si-doped GaN and crack-free undoped GaN grown on 

cracked Si-doped GaN/Al- GaN templates while additional levels at EC - ET ~ 0.18 and 0.37– 

0.40 eV were observed in the Si-doped GaN. Muret et al. [88] reported the electronic 

properties of deep defects in n-type GaN having the activation energies in the range 0.94–

1.30 eV and apparent capture cross section from 10
-15

 to 10
-12 

cm
-2

 by Fourier transform deep 

level transient spectroscopy (FTDLTS). M. Asghar et. al. [87, 97] reported on the 

transformation of deep levels into inactive ones under applied electric field in GaN p-n diodes 

grown by metal organic chemical vapor deposition. Py et al. [86] characterized the deep 

levels in undoped n-GaN, which was grown by hybrid vapor phase epitaxy. They reported the 
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four known levels with activation energies in the range 0.17–0.94 eV. Fang et al. [91] 

characterized the AlGaN/GaN/SiC Schottky diodes, with and without Si3N4 passivation by 

deep level transient spectroscopy (DLTS). They reported the dominant trap A1, with 

activation energy 1.0 eV and the apparent capture cross section of 2 x 10
-12

 cm
2
 in both 

unpassivated and passivated Schottky barrier diodes (SBDs). Tokuda et al. [90] reported the 

two electron traps with activation energy of (EC - 0.23 eV) and (EC - 0.58 eV) respectively in 

n-type GaN grown homoepitaxially by MOCVD on free standing GaN substrate by deep 

level transient spectroscopy (DLTS) technique. Nakamura et al. [89] studied inductively 

coupled plasma (ICP) induced defects in n-type GaN using current–voltage (I–V) 

characteristics and deep level transient spectroscopy (DLTS) measurements. Emiroglu et al. 

[84] observed that a metastable hole trap in n-type GaN by DLTS and reported that it is 

unstable after thermal stress. H. Ashraf et al. [85] reported electric field enhanced emission 

rates of an electron trap having activation energy 0.55 eV in n-type GaN grown on sapphire 

substrate by HVPE. 

The above literature review clearly shows that understanding of deep level defects in 

GaN grown on sapphire and other substrates especially on silicon is still an open field for 

researchers.  
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Chapter 3 

Growth Techniques 

All the numerous applications of GaN and related structures describe in chapter 1 need 

mass-production of these devices, as well as performance is equally linked to processing 

technologies and growth methods. Due to lack of commercially available GaN wafers, GaN 

layer growth must commence on foreign substrates like sapphire, zinc oxide and silicon. A 

variety of methods are available for the growth of GaN. The three most popular methods 

currently used by researchers and manufacturers are Metal Organic Chemical Vapour 

Deposition (MOCVD), Molecular Beam Epitaxy (MBE) and Hydride Vapour Phase Epitaxy 

(HVPE). The MOCVD and MBE are used for synthesis of GaN samples on foreign substrates 

in this study. Each of these methods has its own benefits and disadvantages shortly describe 

in this section.   

3.1 Metal Organic Chemical Vapour Deposition (MOCVD) 

MOCVD is major tool in the production of compound semiconductor materials and 

devices. Metal-organic chemical vapor deposition technology has been developed into a 

highly advanced, flexible and efficient epitaxial growth technology for the production of 

high-quality III-V epitaxial and heteroepitaxial films [98]. While some fundamental process 

steps remain to be defined, studied and understood in detail, for most processes over-all 

views of the chemical reactions involved have been developed to the point where computer-

based simulations of chemical species and the resulting growth rates in real reactor systems 

can be calculated and useful results obtained even for the relatively complex reactor 

geometries used in current-generation systems [99]. Advances in the analysis, purification 

and production of metal-organic sources have resulted in the development of high-efficiency 

chemical precursor synthesis reactors capable of the production of several metric tons of 

high-purity product in a year. Studies of how the purity and properties of metal-organic 

sources affect the materials quality and, hence, how specific impurities affect the 

performance of devices has led to the understanding of how to optimize precursor production 

process and systems to provide the necessary quality at an economically viable price. Further 

advances in synthesis efficiencies will lead to better cost benefit ratios for devices and thus to 
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even more demand for these materials and to the continued expansion of precursor 

production facilities throughout the developed world [100]. 

3.1.1 Historical Overview 

 Epitaxial growth by MOCVD was first reported in the scientific literature in 1968 by 

H. M. Manasevit, a chemist working at the North American Rockwell Corporation. Similar 

processes and experimental results had been described prior to 1967 in the patent literature by 

other groups such as R. A. Ruehrwein with Monsanto, USA [101-105]. There were also 

several earlier reports on the preparation of compound semiconductors by metal-organic–

hydride reaction process in a closed system, i.e., mixing the metal-organic and hydride 

precursors at low temperature in a closed system and then applying heat to initiate the 

reaction. Nevertheless, the significance of the early work of MOCVD growth in an „„open-

tube‟‟ reactor chamber by Manasevit et al. cannot be under- estimated and he is widely 

acknowledged as the inventor of the MOCVD technology that is being exploited today [106]. 

 Interestingly, Manasevit‟s first paper on MOCVD, concerning the epitaxial growth of 

GaAs on insulating oxide crystalline substrates, e.g. single-crystal sapphire, did not describe 

the actual epitaxial process, which was simply referred to as „„chemical vapor deposition.‟‟ In 

fact, in the late 1960s and early 1970s Manasevit and co-workers published papers describing 

the MOCVD growth of most of the III-V semiconductors – including GaN and AlN – and the 

II-VI and IV-IV compounds, demonstrating the flexibility of this process [102, 103, 105-

107]. 

From the early 1960s to late 1970s, various III-V materials technologies had been 

developed and had come to dominate the research and production of devices based on 

compound semiconductors, including (1) halide vapor-phase epitaxy (VPE) using Group V 

halides (e.g., AsCl3) and Group III metal elements (e.g., Ga); (2) hydride VPE using Group 

V hydride (e.g., AsH3) and Group III tri-chlorides, e.g., GaCl ; (3) liquid-phase epitaxy 

(LPE) using Group III metal solutions (e.g. Ga melts with GaAs source material); and (4) 

molecular-beam epitaxy (MBE) using pure elemental sources (e.g., Ga and As). In the 

development of the MOCVD epitaxial growth technology, Manasevit and co-workers 

explored the growth of various III-V, II-VI and IV-IV compounds over several years after 

1968. However, much of Manasevit‟s work was „„proof-of-concept‟‟ growth studies and he 

and his co-workers were not able to demonstrate „„device-quality‟‟ materials that were 
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comparable to those produced by other well-developed (at that time) III-V epitaxial growth 

technologies such as VPE and LPE. Also, MBE was being actively researched by a few 

groups as a next-generation epitaxial semiconductor growth technology, particularly at Bell 

Laboratories and IBM Research Laboratory. Consequently, there was not much interest in 

MOCVD – it was viewed as just „„another‟‟ III-V materials technology – until R. D. Dupuis‟ 

work at Rockwell International in the late 1970s. In 1977, Dupuis et al. reported high-

performance AlGaAs/GaAs solar cells and injection lasers grown by MOCVD, 

demonstrating that MOCVD technology could perform at levels equal to the other III-V 

materials technologies. In 1978, Dupuis, collaborating with Holonyaket al., at the University 

of Illinois, reported the first quantum-well semiconductor injection lasers operating 

continuous wave (CW) at room temperature, clearly showing that the performance of 

MOCVD-grown materials and devices could, in fact, exceed that of alternative materials 

technologies. These results caused many groups to reconsider the exploration of MOCVD 

materials technology, beginning a rush to develop MOCVD as a major process technology 

for III- V epitaxial films [101, 104, 107-115]. 

3.1.2 Chemical Reactions 

 MOCVD has also been called metal-alkyl vapor phase epitaxy (MAVPE), metal-

organic VPE (MOVPE), organometallic CVD (OMCVD) and organometallic VPE 

(OMVPE). Generally, MO and OM, and CVD and VPE are mingled and interchanged in the 

terminology of this process. Manasevit first used the term „„metal-organic‟‟ (emphasizing the 

metal component) because that was the common term that chemists applied to the „„metal 

alkyl‟‟ compounds at this time and „„CVD‟‟ because he felt that the process could be broadly 

applied to „„chemical vapor deposition‟‟ of many different materials, including 

polycrystalline and amorphous films on heterogeneous substrates. Therefore, the term 

„„vapor-phase epitaxy‟‟ is a special case of the more general term „„chemical vapor 

deposition.‟‟ This section will use the more „„generic‟‟ and historical name „„metal organic 

chemical vapor deposition‟‟ for this process. As its name implies, MOCVD is the method for 

the deposition of condensed phase (solid phase in most cases) from vapor phase via a 

chemical reaction employing metal-organic (MO) precursors [116-118]. Therefore, the 

MOCVD process requires metal-organic precursors in chemical reaction for deposition. A 

precursor is a chemical compound that is used as an „„input‟‟ to a chemical process to 

produce a desired product. Precursors are often referred to as „„sources.‟‟ Both Group III and 
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Group V precursors can be metal-organic precursors; however, the growth of III-V 

compound semiconductors generally employs mixtures of Group III metal-organic and Group 

V hydride precursors in a carrier gas. Typical carrier gases are H2, N2 or mixture of H2 and 

N2, and the precursors are transported by one or more carrier gases and injected into an open-

tube process chamber. The purity of precursors and the carrier gas (es) is critical in achieving 

high-quality materials in MOCVD growth [119-121]. 

3.1.3 Growth Mechanism 

 We have discussed the chemical reactions involved in the MOCVD growth, including 

intermediate reactions and the thermodynamic, kinetic and hydrodynamic aspects of the 

growth process. The reactions for the growth of epitaxial films typically occur in an open-

tube system in a special vessel called a reactor growth chamber; the growth processes and 

mechanisms that occur in the chamber are discussed here in this section. The growth chamber 

can be divided into four „„zones‟‟ to describe the growth processes: (1) precursor injection, 

(2) mixing, (3) boundary layer and (4) substrate surface. In the precursor injection zone, 

Group III and Group V precursors with the carrier gas are injected into the growth chamber. 

In this zone, the precursor gas stream experiences an abrupt change from the small cross-

sectional area tubing in the gas manifold to the large cross-sectional area and volume growth 

chamber. Therefore, the uniform injection of precursors without creating turbulent flow is a 

critical goal in reactor chamber design. Generally, separately injected Group III and Group V 

precursors are mixed in the mixing zone where homogeneous gas-phase reactions, including 

the pyrolysis of precursors and possibly adduct formation, as well as the physical mixing of 

precursors can occur. When the precursor gas stream enters the boundary layer zone, 

precursors are transferred mainly via diffusion onto the surface. In this zone, homogeneous 

reactions, such as vapor-phase pyrolysis, can also occur, possibly with a higher efficiency 

than in the mixing zone due to the higher temperature generally present in this zone. Besides 

the diffusion of precursors onto the substrate surface, thermal convection can also occur, 

which can cause premature reactions and result in depleted precursor concentrations near the 

substrate surface. Such thermal convection driven effects need to be minimized by careful 

reactor chamber design. For the three zones discussed so far, mass transport, which is related 

to hydrodynamics, and mass transfer via diffusion play an important role. On the substrate 

surface, where surface reaction kinetics are important, the adsorption of pyrolyzed precursors, 

surface diffusion of ad-atoms, chemical reactions and desorption of by-products occur to 
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complete the crystal growth process [116, 119-125]. The simplified understanding of the 

MOCVD growth process discussed earlier has been helpful in determining the choice of 

growth parameter and reactor designs in relation to the materials grown. Especially, with the 

advent of advanced computer modeling and the experimental verification of the general 

predictions of these models, it has recently become possible to use the results of 

computational fluid dynamics techniques to determine the most favorable operating regime 

for some reactor systems. However, for the study of specific materials and device parameters, 

the crystal grower has to explore the growth parameter space peculiar to the specific reactor 

and materials employed to determine the optimum conditions for the growth of epitaxial thin 

films [126]. 

3.1.4 MOCVD Reactor System 

 As described in the previous section, MOCVD growth involves very complex 

chemistry and the growth itself becomes even more complicated when it is influenced by 

reactor system conditions, especially the reactor chamber geometry. MOCVD reactor system 

design requires the integrated consideration of hydrodynamics, thermodynamics and kinetics. 

The importance of reactor design should not be underestimated, since it critically affects the 

quality of materials, including the (1) structural, electronic and optical qualities of material 

itself and (2) uniformity, controllability and run-to-run repeatability of the growth process. 

Therefore, several types of MOCVD reactor systems have been developed to improve not 

only the qualities of the materials grown by MOCVD but also growth efficiencies, 

repeatability, controllability and uniformity of the materials. In addition, MOCVD reactors 

are being developed for added safety features and high throughput capability, which are 

critical in production reactors [127-129]. The components of a general MOCVD reactor 

system can be grouped into several parts. In this section, we group a reactor system into three 

major components in terms of their functions and gas flow streams (from upstream to 

downstream): (1) the gas delivery system, (2) the reactor growth chamber and (3) exhaust 

system as shown in Fig. 3.1). Also, there is an additional critical component, even though it is 

not included in the gas flow stream, which is the reactor safety system. This section discusses 

the hardware issues of MOCVD reactor systems. Safety issues with MOCVD growth and 

apparatus for safety are discussed first, followed by the three major components of a typical 

MOCVD system. Several types of growth chamber geometries are discussed in detail, since 

this design element is the heart of an MOCVD reactor system [130-134]. 
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Fig. 3.1: Block diagram of MOCVD reactor 

3.1.5 Growth of GaN by MOCVD 

The heteroepitaxial growth of GaN layers directly on the top of a foreign substrate, 

e.g., (0001) sapphire or Si (111), results in the GaN layer having a very high density of 

crystalline defects and very rough surface morphology that cannot be used for device 

applications. This is unsurprising considering the huge lattice mismatch between the GaN and 

foreign substrate, for sapphire (~12.5%) and for silicon (~ 17%). To prepare a device-quality 

platform (called a template) for the subsequent heteroepitaxial growth, a two-step growth 

procedure has been developed. In the two-step heteroepitaxial growth of GaN on non-native 

substrates, a well-designed heteroepitaxial low-temperature buffer layer is introduced, as 

opposed to a high-temperature heteroepitaxial buffer in the case of conventional III-V 
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heteroepitaxial growth processes, e.g., the growth of AlGaAs on GaAs. For the GaN growth 

on a basal-plane (0001) sapphire substrate, for example, a thin (B10– 50 nm) AlN or GaN 

layer is deposited at a low growth temperature of Tg ¼500–800 1C (the low-temperature 

buffer step), subsequently followed by GaN layer growth at high growth temperatures of Tg 

¼1000–1100 1C (the high-temperature buffer step). The low-temperature buffer layer can act 

as a nucleation layer for III-N materials on sapphire substrates and can also act as a strain 

absorbing layer. In the process of two-step heteroepitaxial growth, nucleation, island 

formation, island coalescence, lateral growth and two-dimensional (layer-by-layer) growth 

occur sequentially, as the deposition proceeds. GaN can be effectively doped with various 

donors but Si is the most common dopant for n-type doping and diluted silane (SiH4) is used 

for the precursor, since the distribution coefficient of SiH4 becomes high and temperature-

independent at typical GaN growth temperatures. For p-type doping of GaN, Mg is known to 

be the only effective dopant in GaN and doping is accomplished using Cp2Mg as a precursor. 

To achieve p-type conduction in Mg-doped GaN layers, dopant atom activation annealing 

under a N2 ambient is required to make Mg atoms electrically active as acceptors. However, 

even after activation, the ratio of electrically active Mg dopant atoms among incorporated Mg 

in the crystal is less than 5%. This is partially due to the relatively „„deep‟‟ location of 

acceptor levels inside the energy gap of GaN. The activation energy of Mg-doped GaN is 

reported to be 150–200 meV. This is large as compared to the 26 meV available thermal 

energy at room temperature.   

3.1.6 MOCVD in Future 

The MOCVD process for the growth of III-V materials initially developed and 

explored by Manasevit in 1968 for the growth of GaAs. In the last 40 years, it has been 

further studied, refined and developed by many others to become the dominant technology, 

exploited world-wide, for the growth of virtually all III-V compound semiconductor epitaxial 

device structures, including the most advanced lasers, heterojunction bipolar transistors, 

light-emitting diodes, solar cells and other devices. Clearly, in the near future, this expansion 

of the technology into other commercial device production applications will continue to 

dominate the field. This is especially true for the large-scale production of III-V 

semiconductor solar cells for concentrator applications and for the continued rapid expansion 

of visible laser and LED production. In fact, as III-N-based LED lighting enters the 

mainstream applications for large-scale white-light illumination in commercial and industrial 
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buildings, the demand for MOCVD growth systems, precursors and substrates will expand 

dramatically. Other applications, including the use of AlGaN/GaN heterostructures for 

various high-power electronic devices, will enable many new, compact high-performance 

defense-related systems, including improved millimeter-wave and microwave radars, high-

efficiency electronic power systems, compact electric vehicles and lighter-weight 

communication systems. While it is difficult to predict the role of MOCVD in the production 

of III-V semiconductor materials and devices in the next 40 years, at this time it appears that 

it will continue to dominate the growth of III-V epitaxial structures for device commercial 

applications for virtually all new products that will be developed. 

3.2 Molecular Beam Epitaxy of III-V Compounds 

Molecular beam epitaxy (MBE), a versatile epitaxial growth technique, can be dated 

back to 1958 when Gunther described the method for growing compounds on heating 

substrate by evaporation from two sources. But the main development towards the invention 

of modern MBE was made in late 1960s by J. R. Arthur and Alfred Y. Cho at Bell Telephone 

Laboratories. Alfred Y. Cho awarded 2005 U.S. National Medal of Technology “a highest 

award by president of U.S. for technological innovations” for his contributions in the 

inventions of MBE and his work to refine it into a commercial process. The development of 

the MBE process in its present state was primarily motivated by the desire to study new 

quantum phenomena in semiconductor superlattice structures.  

In molecular beam epitaxy (MBE), the growth is conducted under an ultra-high 

vacuum of up to 10
−8

 ~10
−9

 Pa. Under such a high vacuum, O2, CO2, H2O, and N2 

contamination on the growing surface can be negligible. This makes it possible to reduce the 

growth rate down to nm/sec, so that precise control of the growth thickness is possible. 

As described in the next section, MBE uses a Knudsen cell (or effusion cell) from 

which growth elements are evaporated. By opening and closing the shutter in front of the 

Knudsen cell, the operator can abruptly switch on or off the fluxes; hence, sharp interfaces 

between successively grown layers are possible. Another important advantage of MBE is that 

in situ monitoring of the growing surface is possible. Reflection high-energy electron 

diffraction (RHEED) is one of the most powerful tools used to see the flatness and atomic 
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structure of the surface during growth. Furthermore, intensity oscillation of the RHEED 

signal accurately measures the growth rate in Å/sec. 

3.2.1 Molecular Beam Epitaxy System 

Figure 3.2 shows a schematic of a conventional MBE machine. An ion-sputtering 

pump evacuates the growth chamber to a high vacuum. To keep the chamber at high vacuum 

during the growth, a liquid N2 shroud like that shown in the figure is employed. An electron 

beam is aimed at the substrate, and then the diffracted beam strikes a fluorescent screen. In 

the case of GaAs MBE, at first the substrate is heated at high temperature under arsenic 

pressure to remove the oxide layer. Because the oxide evaporation happens at around 580˚C 

and this event can be monitored by RHEED, the oxide removal can be used to calibrate the 

temperature of the substrate. Then, after setting the substrate temperature at the required 

value, the Ga shutter is opened to start the growth. To grow (Ga, Al) As, one opens the 

shutters of both Ga and Al cells. Choosing Ga and Al cell temperatures varies the 

composition of the alloy. An n-type and p-type GaAs layer can be grown by opening the 

shutter of the Si cell and Be cell, respectively. 

Sample exchange should be carried out keeping the growth chamber at high vacuum. 

This can be done employing either a two-chamber or a three-chamber system. Figure 3.2 

shows a two-chamber system, which is composed of a growth chamber and a preparation 

chamber. The preparation chamber is also evacuated at high vacuum and the second sample 

is already installed inside. After the experiment, without breaking the vacuum, the grown 

sample is transferred through the gate valve to the preparation chamber, and the next sample 

is transferred to the growth chamber by a transfer rod. Thus, a high vacuum is kept for a long 

time until a problem occurs in the chamber. In such a case, the chamber should be opened to 

the air during the repair. When source materials such as Ga, As, Al are finished, the growth 

chamber should be opened and new sources recharged [134-144].  



42 
 

 

Fig. 3.2: Block diagram of molecular beam epitaxy (MBE) system 
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Chapter 4 

Characterization Techniques 

The present chapter provides a detail review of characterization techniques that were 

used to study the structural, optical, electrical and thermoelectric properties of GaN samples. 

The crystal quality of these samples was studies by using x-ray diffraction (XRD), scanning 

electron microscopy (SEM), energy dispersive x-ray (EDX) spectroscopy, Fourier 

transformation infrared (FTIR) spectroscopy, ellipsometry, Raman spectroscopy and 

photoluminescence (PL). The electrical properties of these samples were studied by using 

current-voltage (I-V) characteristics, capacitance-voltage (C-V) characteristics and deep level 

transient spectroscopy (DLTS). Additionally, to explore the thermoelectric properties of GaN 

based structures, electrical conductivity and Seebeck measurements were also performed. The 

detail of these techniques will be also presented in this chapter.  

4.1 X-Ray Diffraction (XRD) 

 X-ray diffraction (XRD) is a powerful technique used to uniquely identify the 

crystalline phases present in materials and to measure the structural properties (strain state, 

grain size, epitaxy, phase composition, preferred orientation, and defect structure) of these 

phases. XRD is also used to determine the thickness of thin films and multilayers. XRD 

offers unparalleled accuracy in the measurement of atomic spacing and is the technique of 

choice for determining strain stated in thin films. It is noncontact and nondestructive 

technique which makes it ideal for in situ studies [145, 146].  

4.1.1 Basic Principle 

A typical high resolution x-ray diffractometer is illustrated in Fig. 4.1. The source of 

x-rays is usually an x-ray tube, producing a divergent beam with a broad spectrum. The beam 

is conditioned (limited in both angular divergence and wavelength spread) by four diffracting 

surfaces arranged in a Bartels monochromator. The conditioned beam is then diffracted by 

the specimen crystal and measured using a scintillation detector. In a rocking curve 

measurement, the specimen is rotated about the ω-axis (which is perpendicular to the plane of 

the page and passes through the point where the beam strikes the sample). The diffracted 
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intensity is measured as a function of the specimen angle ω. The positions, intensities, and 

widths of the intensity peaks in this diffraction profile (or rocking curve) are used to 

characterize the structural properties of the specimen crystal [145, 147]. 

Figure 4.1: An overview of high resolution XRD diffractometer 

4.1.2 Phase Identification 

 One of the most important uses of XRD is phase identification. This identification can 

be done by comparing the measured d-values in the diffraction pattern. For films containing 

several phases, the proportion of each phase can be determined from the integrated intensities 

in the diffraction pattern. If the phases in the film have random orientation or almost 

complete fiber texture, this determination is simple. However, if there is some preferred 

orientation, the determination of phase proportions may require integrated intensities at many 

specimen orientations [145, 148]. 

4.1.3 Determination of Lattice Parameter 

The lattice parameters of various crystal structures can be determined accurately by 

XRD technique. The most common method uses for determination of lattice parameters in 

III-Nitrides is discussed here. The Bragg‟s law states that  

Nλ = 2dhklsinθ      4.1 

where angle θ is needed to be measured to get the interplaner distance dhkl. The following 

equation relates the lattice parameters “a” and “c” with the interplaner distance dhkl.  
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The above relation consists of two unknown lattice parameters “a” and “c”, so at least two 

measurements for dhkl are needed [149, 150]. 

4.1.4 Determination of Crystallite Size and Strain 

Diffraction peak positions and atomic spacing are accurately measured with XRD, 

which makes it the best method for characterizing homogeneous and inhomogeneous strains. 

Homogeneous strains shift the diffraction peak positions and from this shifting of peak 

positions, the difference in d-spacing between thin film and substrate can be calculated.  

The variation of inhomogeneous strains within the single crystallite or between 

crystallite to crystallite causes the broadening of diffraction peaks and increases with sinθ. 

The finite size of crystallites also causes the broadening of diffraction peak but this 

broadening is independent of sinθ. The following relations can be used to measure the 

homogeneous strain along “a” and “c” axis.  

   
         

  
     4.3 

   
         

  
     4.4 

where a0 and c0 are relaxed reference parameters [145, 150, 151].  

4.1.5 Determination of Preferred Orientation 

For polycrystalline films, the amount of preferred orientation can be measured by 

comparing the integrated intensities (after correction for geometric factors) to the JCPDS file 

or the expression for integrated intensity [145].  

4.1.6 Film Thickness Determination 

The film thickness of epitaxial and highly textured thin films can be calculated with 

XRD. Close to the usual or primary diffraction peaks there are secondary maxima in the 

diffracted intensity, which are due to the finite film thickness. The film thickness is inversely 

proportional to the spacing between these maxima and is easily calculated [145].  
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4.1.7 Depth-Dependent Information 

Since the diffracted X-Rays originate from different depths, the depth-dependent 

structure of the specimen may be obtained from diffraction patterns taken at different 

incidence angles [145]. 

4.1.8 X-Ray Topography 

X-Rays topography is used to image defects in nearly perfect epitaxial films and the 

surfaces of substrates. The two dimensional spatial mapping of XRD peak with a resolution 

of 100 µm is obtained [145, 152]. 

4.2 Scanning Electron Microscopy (SEM) 

The scanning electron microscope (SEM) is one of the most widely used instruments 

in materials research laboratories. Scanning electron microscopy is central to micro-structural 

analysis and therefore important to any investigation relating to the processing, properties, 

and behavior of materials that involves their microstructure. The SEM provides information 

relating to topographical features, morphology, phase distribution, compositional differences, 

crystal structure, crystal orientation, and the presence and location of electrical defects. The 

SEM is also capable of determining elemental composition of micro-volumes with the 

addition of x-ray or electron spectrometer and phase identification through analysis of 

electron diffraction patterns. The strength of the SEM lies in its inherent versatility due to the 

multiple signals generated, simple image formation process, wide magnification range, and 

excellent depth of field. 

A schematic diagram of SEM is shown in figure 4.2. In the SEM, a beam of electrons 

is focused onto the sample and scanned by means of a deflection coil. Inside the sample the 

electrons undergo several interactions, upon which electrons or photons are emitted from the 

sample. A fraction of the emitted electrons is collected by the appropriate detectors from 

which a 2D image can be generated. Most SEM images are generated from secondary 

electrons, backscattered electrons, or elemental X-rays. The latter is used in EDX. Secondary 

and backscattered electrons can be separated by energy.  The secondary electrons possess 

lower energies than their backscattered colleagues and are usually emitted from within the 

first few nanometers below the sample‟s surface. As secondary electrons have little energy, 
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they are likely to become trapped when traveling from any deeper in the sample. The higher 

energy electrons are called backscattered electrons and have not undergone any energy loss 

through elastic collisions with atoms in the material. Secondary electrons give better 

topographical information than backscattered electrons since the number of secondary 

electrons emitted is much more sensitive to the surface structure than in the case of   

backscattered electrons, which originate also from deeper within the sample. Backscattering 

electrons can be used to distinguish between lighter and heavier elements in e.g. alternating 

InN-GaN layers, as heavier elements scatter more electrons [145, 153]. 

 

Figure 4.2: Schematic of scanning electron microscopy 

4.3 Raman Spectroscopy 

Raman spectroscopy is based on the inelastic scattering of light by matter and is 

capable of probing the structure of gases, liquids, and solids, both amorphous and crystalline. 

In addition to its applicability to all states of matter, Raman spectroscopy has a number of 

other advantages. It can be used to analyze tiny quantities of material (e.g., particles that are ~ 

1mm on edge), as well as samples exposed to a variety of conditions such as high 
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temperature and high pressure and samples embedded in other phases, so long as the 

surrounding media are optically transparent. 

Briefly stated Raman scattering results from incident radiations inducing transitions in 

the atoms/molecules that make up the scattering medium. The transition can be rotational, 

vibrational, electronic, or a combination (but first-order Raman scattering involves only a 

single incident photon). In most studies of solids by Raman spectroscopy, the transitions 

observed are vibrational and these will be the focus of this unit. 

In a Raman experiment, the sample is irradiated with monochromatic radiation. If the 

sample is transparent, most of the light is transmitted, a small fraction is elastically (Rayleigh) 

scattered, and a very small fraction is in-elastically (Raman) scattered. The in-elastically 

scattered light is collected and dispersed, and the results are presented as a Raman spectrum, 

which plots the intensity of the in-elastically scattered light as a function of the shift in wave 

number of the radiation. (The wave number of a wave is the reciprocal of its wavelength and 

is proportional to its momentum in units of reciprocal centimeters.) Each peak in the 

spectrum corresponds to one or more vibrational modes of the solid. The total number of 

peaks in the Raman spectrum is related to the number of symmetry allowed, Raman active 

modes. Some of the modes may be degenerate and some may have Raman intensities that are 

too low to be measured, in spite of their symmetry-allowed nature. Consequently, the number 

of peaks in the Raman spectrum will be less than or equal to the number of Raman active 

modes. The practical usefulness of Raman spectroscopy resides largely in the fact that the 

Raman spectrum serves as a fingerprint of the scattering material. In fact, Raman activity is a 

function of the point group symmetry of a molecule and the space group symmetry of a 

crystalline solid; it can provide a range of information, including the strength of inter-atomic 

and intermolecular bonds, the mechanical strain present in a solid, the composition of multi-

component matter, the degree of crystallinity of a solid, and the effects of pressure and 

temperature on phase transformations [153]. 

4.4 Photoluminescence Spectroscopy 

Photoluminescence (PL) spectroscopy is a powerful technique for investigating the 

electronic structure, both intrinsic and extrinsic, of semiconducting and semi-insulating 

materials. When collected at liquid helium temperatures, a PL spectrum gives an excellent 
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picture of overall crystal quality and purity. It can also be helpful in determining impurity 

concentrations, identifying defect complexes, and measuring the band gap of semiconductors. 

When performed at room temperature with a tightly focused laser beam, PL mapping can be 

used to measure micro-meter-scale variations in crystal quality or, in the case of alloys and 

superlattices, chemical composition. 

4.4.1 Principle of the Method 

When a semiconductor is illuminated by a light source having photon energy greater 

than the band-gap energy (Eg) of the material, electrons are promoted to the conduction band, 

leaving holes behind in the valence band. When an electron-hole pair recombines, it emits a 

photon that has a wavelength characteristic of the material and the particular radiative 

process. Photoluminescence spectroscopy is a technique for extracting information about the 

electronic structure of the material from the spectrum of light emitted. 

In the basic process of PL at low temperature (liquid nitrogen temperature and below), 

an incoming photon is absorbed to create a free electron-hole pair. This transition must be 

essentially vertical to conserve crystal momentum, since the photon momentum is quite 

small. At cryogenic temperatures the electrons (holes) rapidly thermalize to the bottom (top) 

of the conduction (valence) band by emitting phonons. For this reason there is typically no 

observable luminescence above the band-gap energy. Once they have relaxed to the band 

edges, an electron and hole can bind together to form an exciton, which then recombines 

radiatively. Alternatively, the electron or hole (or both) can drop into a defect state by 

nonradiative recombination and then undergo radiative recombination.  
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Figure 4.3: Basic principle of photoluminescence spectroscopy 

4.4.2 Applications of Photoluminescence Spectroscopy 

 Photoluminescence (PL) Spectroscopy covers a wide range of applications. They 

include compositional analysis, trace impurity detection, spatial mapping, structural 

determination (crystallinity, bonding, layering), and the study of energy-transfer mechanisms. 

A brief overview of these applications is given below.  

4.4.3 Spectral Emission Analysis 

The most common configuration for PL studies is to excite the luminescence with 

fixed wavelength light and to measure the intensity of the PL emission at a single wavelength 

or over a range of wavelengths. The emission characteristics, either spectral features or 

intensity changes, are then analyzed to provide sample information as described above. 

4.4.4 PL Excitation Spectroscopy 

This technique assists in the identification of compounds by distinguishing between 

substances that have the same emission energy but different absorption bands. In 

semiconductors, it can be valuable for identifying impurity PL peaks, especially donors, by 

enhancing certain PL transitions through resonant excitation. It is useful for determining the 
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energy levels of thin-film quantum structures, which, when combined with appropriate 

models, are used to simultaneously determine well widths, interface band offsets and 

effective masses. Information about higher energy transitions can also be obtained by 

Modulation Spectroscopy techniques such as photo reflectance and electro reflectance. 

4.4.5 Time Resolved Photoluminescence Spectroscopy 

By monitoring the PL intensity at a chosen wavelength as a function of time delay 

after an exciting pulse, information can be obtained about the electron relaxation and 

recombination mechanisms, including nonradiative channels. The time scales involved may 

vary from two hundred femto-seconds to tens of seconds. A 111 emission spectrum may be 

measured also at successive points in time. Spectral analysis then yields; for example, the 

evolution of a carrier distribution as excitonic states form and as carriers is trapped by 

impurities. The progress of chemical reactions with time can be followed using time-

dependent data. A useful application of time-dependent PL is the assessment of the quality of 

thin 111-V semiconductor alloy layers and interfaces, such as those used in the fabrication of 

diode lasers. For example, at room temperature, a diode laser made with high-quality 

materials may show a slow decay of the active region PL over several nanoseconds, whereas 

in low-quality materials nonradiative centers (e.g., oxygen) at the cladding interface can 

rapidly deplete the free-carrier population, resulting in much shorter decay times [145, 153]. 

4.5 Ellipsometry 

Ellipsometry, also known as reflection polarimetry or polarimetric spectroscopy, is a 

classical and precise method for determining the optical constants, thickness, and nature of 

reflecting surfaces or films formed on them. The main strength of this technique lies in its 

capability not only to allow in-situ measurements and provide information about the growth 

kinetics of thin films but also simultaneously to allow the determination of many or all of the 

optical parameters necessary to quantify the system. Ellipsometry can be used to detect and 

follow film thickness in the mono atomic range, which is at least an order of magnitude 

smaller than what can be studied by other optical methods (e.g., interferometry and reflection 

spectroscopy). The basic theory and principles of ellipsometry have been described by a 

number of authors.  
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4.5.1 Basic Principle of Ellipsometry 

When linearly polarized light having an arbitrary electric field direction is reflected 

from a surface, the resultant light is elliptically polarized due to the difference in phase shifts 

for the components of the electric field that are parallel and perpendicular to the plane of 

incidence. According to the principle of reversibility, light of this resultant ellipticity, when 

incident on a reflecting surface, should produce linearly polarized light. This is the principle 

under which the ellipsometer operates. The angle of incidence of light, its wavelength, and 

the ellipticity of the incident light are related by means of certain theoretical relations to the 

optical parameters of the substrate and any film that might exist on it. By knowing the optical 

properties of the substrate and by carrying out ellipsometric measurements, one can find the 

thickness of a film and its refractive index with relative ease based on certain well-known 

relations that will be described in the next section. Ellipsometry can be broadly divided into 

two categories. One class of ellipsometry, called null ellipsometry, concerns itself with 

performing a zero signal intensity measurement of the light beam that is reflected from the 

sample. In the other class of ellipsometry, measurements of the ellipticity and intensity of 

light reflected from the sample are performed and correlated to the sample proper-ties. This 

technique is referred to as photometric ellipsometry. 

4.5.2 Calculation of λ and ψ from Ellipsometer Data 

The experimental data typically consist of two angles, those of the polarizer “P” and 

the analyzer “A”. When using a manual ellipsometer, one should be careful to cover the zone 

in which the readings are taken. Since there are errors in azimuth values that might arise out 

of measurements in different zones, it is preferred to either take the whole sequence of data 

from a single zone or average each data point in two or more zones. Once confirmed that the 

whole data set is in the same zone or that it is properly averaged, the calculation of the phase 

and amplitude change parameters Δ and ψ for the system is straightforward. The relative 

phase change between the parallel and perpendicular polarized light Δ and the relative 

amplitude change between these two components, ψ, are related to P and A by 

        
 

 
     4.5 

and 
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       4.6 

when the compensator is kept at +45
0
. Recall that the above relations assume the polarizer, 

compensator, and analyzer are ideal instruments arranged in a PCSA configuration. If the 

compensator follows the sample, appropriate adjustments must be made. The mathematical 

equations used to calculate the optical properties of thin films are described in the relevant 

section [153, 154].   

4.6 Current-Voltage (I-V) Measurements 

The dominant current transport mechanism in the Schottky diode is thermal emission 

of majority carriers over the potential barriers between the metal and the semiconductor. A 

quantitative analysis shows that the ideal current-voltage (I–V) characteristics have the form: 

     ( 
  

     )    4.7  

where n is the ideality factor and Is, is the reverse saturation current, V = VF> 0 in forward 

bias and V = VR< 0 in reverse bias. The saturation current IS is given by: 

         
 

        4.8 

where A is the diode area, A* is the effective Richardson constant (32 A K
-2

cm
-2

 for GaN), q 

is the electronic charge, k is the Boltzmann  constant (1.38 × 10
-23

J/K or 8.617 × 10
-5

eV/K),  

ɸB is the Schottky barrier height of the Schottky diode. 

For ideal Schottky barrier diode n = 1. Factors that make n to exceed unity are: (1) the 

bias dependence of barrier height, (2) the tunneling of electrons through the barrier, and (3) 

the electron–hole pair recombination in the depletion region. A large majority of Schottky 

barrier diodes are made in the dopant concentration range of 10
15

to 10
17

cm
-3

. In these devices 

the deviation of n from unity occurs mainly from the bias dependence of the barrier height. 

The ideality factor is generally calculated by the slope of semi log plot of I-V by using 

the following relation, 

         
 

   
     4.9 
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The barrier height is commonly calculated from the saturation current IS, which is 

determined by an extrapolation of the ln(I) versus V curve to V = 0. For these calculations the 

(-1) factor in I-V equation can generally be neglected, since for applied bias V>>3kT/e (= 

0.078 V at room temperature), the exponential term is much higher than 1. The barrier height 

(ɸB)  is then calculated form IS according to the relation as:[155, 156] 

  (   )   
  

 
  (

   

    
)   4.10 

4.7 Capacitance-Voltage (C-V) Measurements 

Capacitance-Voltage measurement of semiconductors and their interfaces is a very 

sensitive and powerful technique for electrical characterization of metal-semiconductor 

interface. We define the differential capacitance C associated with the space charge region as: 

   
  

     
    4.11 

where, Q is the fixed charge in the space charge region. The differential capacitance is related 

to the width of the space charge region by the expression, developed under the depletion 

approximation, representing two parallel plate capacitor of area A separated by a distance, 

with dielectric constant, given as: 

   
   

 
    4.12 

Despite this similarity, it is important to distinguish the differential capacitance of a 

space charge region from the capacitance of a standard dielectric for which the charge varies 

linearly with the applied voltage. The C–V characteristics allow determination of the spatial 

distribution of active dopants in the semiconductor. The background doping density Nd 

  
 ( )   

   

       
(

  

   
)     4.13 

In C–V measurements, it can be demonstrated that if the C–V curves are converted to 

1/C
2
versus V, they follow a straight line for a uniformly doped semiconductor (c.f. Figure 

4.4) 

 

  
 

 

       (     )
(     )  4.14 
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where(ND– NA) is the net donor concentration for n-type semiconductor, V is the applied 

reverse voltage and Vbi is the voltage intercept on the voltage axis in the graph of 1/C
2
versus 

V. The Schottky barrier height is determined form the intercept voltage by: 

  (   )           
  

 
   4.15 

where, Vnis the voltage difference between the bottom of the conduction band and the Fermi 

level (n-type semiconductor).  

 

Figure 4.4: Normalized plot of C
2 
vs. VA/Vbi for a uniform doping distribution indicating the expected 

straight line [153]. 

Current-Voltage (I–V) measurements to evaluate the Schottky barrier height are 

affected by the image force at the interface, and they show a dependence on the temperature 

of the measurement. The capacitance measurements, on the contrary, are insensitive to 

potential fluctuations and they are not expected to show any dependence with temperature, 

thus the Schottky barrier height obtained under forward bias conditions from these two 

measurements shows a different behavior as a function of temperature. In order to analyze the 

difference between barrier height calculated from I-V and C–V measurements as function of 

the temperature, the Werner-Guttler model can be applied. This model assumes a continuous 

barrier distribution at the interface between the metal and semiconductor. The spatial 

distribution of the band bending at the metal-semiconductor interface of Schottky contacts is 

mimed by a Gaussian distribution with standard deviation around a mean value. A 
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quantitative expression for the effective band bending and barrier, which control the net 

current density through an inhomogeneous Schottky contact, can be derived with the help of 

the thermionic emission theory.  The difference between the barrier height obtained from C–

V and I–V plotted as a function of T-1 gives rise to a straight line:  

  (   )     (   )  
    

   
   4.16 

where ɸB(I-V) and ɸB(C-V) are the barrier heights calculated from I–V and C–V respectively. 

From a fit of the barrier difference as a function of 1/T, the value of ζs (the standard deviation 

of the Gaussian distribution of the band bending) can be extrapolated. It gives an evaluation 

of the error of the barrier values calculated from C–V measurements [153-157]. 

4.7.1 Effect of Traps on C-V Profile 

The capacitance C is normally measured on some fixed voltage V by superimposing a 

small oscillating voltage on the applied bias. The depletion width remains approximately 

constant, and the junction capacitance, is determined by measuring the current induced by the 

oscillating voltage.  

 

Figure 4.5: Schematic diagrams of traps. (A) Deep traps, which do not contribute directly to the profile 

except to compensate some of the donors. (B) Shallow traps, which may contribute to the C-V profile due 

to rising above the Fermi level in the transition region [9]. 
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In figure 4.5 (A) no acceptor like trap is present above the Fermi level so there is no effect on 

C-V profile while on the other hand in  figure 4.5  (B) deep levels are present and the 

oscillation voltage are slow, then the traps follow the voltage variations by emission and 

capture processes. So in this case the measured capacitance depends primarily on 

concentration of the deep level traps. 

4.8 Deep Level Transient Spectroscopy 

 Deep level transient spectroscopy (DLTS) is an extremely versatile technique for the 

determination of virtually all parameters associated with traps including density, thermal 

cross selection, energy level and spatial profile.  

 Deep level transient spectroscopy is one of the most sensitive techniques to detect 

impurities and defects in semiconductors. The level of detection, going down to ~10
11

cm
-3 

by 

this method, is unmatched with other characterization techniques. The DLTS technique also 

provides electrical parameters of the deep levels associated with impurities or defects. 

 By monitoring capacitance or current transients produced by pulsing the 

semiconductor junction at different temperatures, a spectrum is generated which exhibits a 

peak for each deep level. The height of the peak is proportional to trap density and the 

position of the peak on the temperature axis leads to the determination of the fundamental 

parameters governing thermal emission and capture (activation energy and cross section). 

Applications of the method have led to the discovery of new phenomena and have provided a 

unique tool for the understanding of materials processing for semiconductor devices. 

4.8.1 Principle of the DLTS 

To explain the principle of DLTS let us consider a metal-n-type semiconductor 

junction in which there are two levels, the shallow donor level and deep level (electron trap). 

At reverse biased condition there is a relatively wide space charge region (SCR) in the 

semiconductor near the surface (figure 4.6 shows the energy band diagrams).  

The width of this SCR region is determined by the charge on the metal contact as well 

as the shallow level concentration because the whole system should be neutral. It means that 

the negative charge on the metal is completely compensated with the positive charge of the 
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localized donor ions in the SCR, supposing that the concentration distribution of the donor 

level is homogeneous. The width of the space charge region is given by:   

W = )(
2

RB

D

UU
qN




   4.17 

 

Figure 4.6: (a) Energy band diagram of the metal-semiconductor junction before the filling pulse (b) 

during the filling pulse (c) just after the filling pulse. 

 At the beginning the junction is reverse biased as in figure4.6 (a) so the deep level 

below the Fermi level (x > LR) is completely filled and it is practically empty above the 

Fermi level (x < LR). Then the positive pulse reduces the reverse bias, which results in a 

decreased SCR width as in figure4.6 (b). This excitation pulse is the so called filling pulse 

because during it, the part of the deep level which got below the Fermi level (LP< x < LR) is 

filled by electron from the conduction band (capture process). After the filling pulse the 

applied reverse bias is the same as the one before the pulse but the width of the SCR is larger 

because the filled trap as in figure4.6 (c). The negative charge of the captured electrons is 

compensated by the positive charge of the localized donor ions in the L(t)-LR region of the 

space charge region (SCR). While the deep level is emitting the electrons to the conduction 
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band (Lp< x <L(t)), the width of the SCR is going back to its original value (emission 

process). 

 The deep level transient can be monitored as a capacitance transient. Since the 

capacitance of the Schottky diode is proportional to the reciprocal value of the SCR width. 

C (t) = 
)(tW

A
    4.18 

The transient of the width can be measured as capacitance transient as in Figure 4.7. 

 

Figure 4.7: (a) Applied voltage (b) capacitance (c) magnified transient. 

It is supposed in this train of the thought that the SCR width follows the charge 

change in the SCR very fast. It is true because normally the relaxation time of the SCR is 

much less than the filling pulse.  

Measuring Technique of DLTS 

 In the DLTS measurement the thermal emission of carrier is supposed to be simple 

exponential process which can be characterized by its time constant and amplitude. The deep 

levels are filled by periodic excitation pulses (see figure 4.8(a)) so there are periodic 

capacitance transients in the sample (see figure 4.8 (b)). Since the capacitance change during 
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the measurement is usually several orders of magnitude smaller than the sample capacitance, 

it is measured as an output signal of the capacitance bridge which compensates for the sample 

capacitance. The DLTS signal is created by the lock-in integrator. The decay is multiplied 

with a square wave weighting function whose period is set by the frequency of the lock-in 

integrator (see figure 4.8 (c)). The wave function is synchronized to the excitation pulse 

sequence. The first half of the decay is multiplied by 1, the second half by -1. There is so 

called gate-off time at the beginning of each half of the period, which consists of the 

twentieth of the whole time period plus the excitation pulse width (see figure 4.8 (d)).During 

the gate-off time no signal is measured i.e. the signal level is kept constant. The output signal 

of the lock-in integrator is proportional to the area difference of the signal in the first and the 

second half period. It is normalized by the time period, so the output is actually the average 

signal level. The time period is the reciprocal value of the repetition frequency: 

T = 
f

1
      4.19 

The output signal: 
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This is the simplified analytical expression because of the difference between the real 

decay signal and the constant value during the gate-off time in both half periods. Since the 

amplitude of the transient is actually constant in a given case, the output signal depends on 

the ratio of the emission time constant and the time period i.e. the emission rate and the lock-

in frequency. 

 Changing this ratio the peak of the deep level appears in the resulting plot (see figure 

4.9). At the peak position the emission rate and the frequency have a constant ratio: 

     en = 2.17 × f    4.21 

Since η = 
ne

1
 and T = 

f

1
 the above equation can be written as. 

                                                T = 2.17 ×η    4.22  
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Figure 4.8: Signal pulse excitation (a) excitation pulses, (b) capacitance transient, (c) lock-in function, (d) 

multiplied by lock-in function 

 

Figure 4.9: Output signal of the lock-in integrator as a function of the emission rate/frequency ratio 

There are two ways of the changing the ratio between the emission rate and 

frequency. The one is the temperature scan (see figure 4.10) when during the measuring 

temperature is changed while the frequency is kept constant. The other is the frequency scan 

(see figure4.11) when the frequency is changed while the temperature is kept constant. The 
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recorded output signal versus the temperature or the frequency is the so called DLTS 

spectrum. 

The carrier emission from the deep level is a thermally activated process, therefore 

changing temperature results in a changing emission rate i.e. emission time constant. The 

advantage of the T-scan measurement is that the emission rate can be changed in several 

orders of magnitude so a whole activation energy spectrum 9 the forbidden band) can be 

investigated in a single measurement. 

The advantage of the F-scan measurement is that it is much faster than the T-scan an 

all the temperature dependent parameters of the sample as well as the measuring system are 

constant during the measurement.   

 

Figure 4.10: DLTS spectrum, temperature scan 



63 
 

Another important mode is the so-called the differential DLTS. In this measuring 

mode there is a second excitation pulse applied at the beginning of the second half of the 

lock-in period which generate a second transient. The second decay is subtracted from the 

first one due to the weighting function so the output is proportional to the difference of the 

two signals. 

If the two excitation pulses have different width and the same amplitude, the capture 

process can be investigated by changing the pulse width. 

If the pulses have the same width and different amplitude, a selected region of the 

SCR can be measured. Changing the amplitude of the pulses keeping the amplitude 

difference constant, the depth profile of the deep level can be recorded. The depth resolution 

is determined by the amplitude (voltage) difference between the two excitation pulses. 

Supposing there is a nearly homogenous doping distribution in the sample, the constant 

amplitude difference selects an increasingly wider region nearing to the surface because of 

the square root like voltage dependence of the SCR [158-163]. 

 

Figure 4.11: DLTS spectrum of frequency scan 



64 
 

 

Figure 4.12 : Double pulse excitation (a) excitation pulse, (b) capacitance transient, (c) lock-in function, 

(d) multiplied by lock-in function. 
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Figure 4.13: Depth profile measurement 

4.9 Seebeck Measurements 

The Seebeck coefficient is the ratio of the voltage difference to the temperature 

difference between the two sides of a material. Thomas John Seebeck discovered this effect 

in 1821.When a temperature gradient is applied between the two ends of a sample, a voltage 

will be generated and the ratio of generated voltage to temperature difference is measured as 

Seebeck coefficient (S = ΔV/ΔT). All the Seebeck measurements in this thesis were carried 

out by the homemade Seebeck measurement system shown in figure 4.14 at Department of 

Electrical and Computer Engineering, University of North Carolina, Charlotte, NC, USA. 

The rectangular shape sample is placed on a Seebeck stage for measurements. The pressed 

In/Ga(Indium 95% and Ga 5%) Ohmic contacts were made on each end of the sample to 
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measure the voltage gradient produced. The stage consists of two copper blocks placed on 

thermoelectric modules to control temperature of each block discretely. A thermocouple and 

a sensitive micro voltmeter are attached to each end of the sample to measure the temperature 

gradient applied and voltage gradient generated. A number of measurements are made on 

each sample to draw the voltage gradient versus temperature gradient. Then the Seebeck 

coefficient was measured by the gradient of this straight line (Discussed in detail in the 

relevant section).  

 

Figure 4.14: A view of homemade Seebeck measurement system 
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Chapter 5 

Experimental Details 

 This chapter provides details of growth of GaN and InGaN samples on silicon and 

sapphire substrates. The samples were grown by molecular beam epitaxy (MBE) and metal 

oxide chemical vapor deposition (MOCVD). The grown samples were categorized and 

named as: 

Group A: n-GaN thin films grown on Si(111) substrate by molecular beam epitaxy (MBE) 

Group B: n-GaN and p-GaN thin films grown on sapphire substrate by metal oxide chemical 

vapor deposition (MOCVD) with various carrier concentrations  

Group C: InxGa1-xN layers with different indium content on sapphire substrate by metal 

oxide chemical vapor deposition (MOCVD)  

The details of fabrication of Ohmic and Schottky contacts are also included in this 

chapter. Gold (Au) and nickel (Ni) were used to deposit Schottky contacts on n-GaN 

epilayers for electrical characterization. Aluminum (Al) layers were deposited on back side of 

the Si substrate as Ohmic contacts. Indium/Gallium (Indium 95% and Ga 5%) contacts were 

deposited on samples B & C for thermoelectric characterization.     

5.1 Growth Details: Group A  

 The detailed procedure and conditions of growth of sample A i.e GaN grown on 

Si(111) by molecular beam epitaxy is discussed here in this section. The MBE chamber was 

prepared for the growth of GaN epilayers on Si(111) substrate. The resident oxide on the 

polished surface of Si(111) substrate was removed by piranha procedure. In the first step of 

piranha procedure, the Si(111) wafer was dipped into a solution of H2SO4 (96%) and H2O2 

(150:100 ml) for 20 minutes. Then the wafer was rinsed into flowing DI water for 10 

minutes. In the next stage of procedure, the wafer was dipped into HF (49%) for 10 seconds. 

The wafer then again immersed into flowing DI water for 20 minutes followed by drying 

with nitrogen. Now as-cleaned Si(111) substrate was loaded into MBE chamber. During the 4 

hours growth procedure, the chamber pressure, substrate temperature and gallium cell 
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temperature were kept as 1.4 × 10
-9

Torr, 1050
o
C and 930

o
C, respectively. The nitrogen 

plasma was generated by RF power supply maintained at 250W. It is pertinent to mention 

here that alayer of AlN to act as buffer layer was deposited for 10 minutes while maintaining 

the substrate temperature at 600
o
C. For electrical characterization, circular dots of diameter 1 

mm, 2 mm and 3 mm of Au-Cr (2000, 200 
o
A) were deposited on GaN, here Cr was 

introduced to provide sufficient adhesion of Au with GaN surface and/or remove surface 

oxides while Al layer of thickness 2000 
o
A was deposited on the Si (back) surface followed 

by heat treatment for 10 minutes at 450 
o
C. Various diagnostic techniques were employed to 

confirm the presence and quality of GaN epilayers on the Si(111) substrate.   

5.2 Growth Details: Group B and C 

The GaN and InGaN epilayers were deposited on 2
ʺ
 diameter, (0001) oriented and 

commercially available sapphire substrates by MOCVD in a modified D125 Emcore reactor. 

Trimethylgallium (TMGa), ammonia (NH3) and trimethyleindium (TMIn) were used as Ga, 

N and In precursors, respectively. 

The growth procedure was started by annealing the substrate for 10 minutes at a high 

temperature (1150 
o
C) in a H2 atmosphere and at a total reactor pressure of 50 mbar. Next a 

45 s nitridation step was carried out using 2 slm of NH3 at a temperature of 1125 
o
C and 

parallel the carrier gas flow was reduced to keep the total flow constant. This ammonia gas 

flow was kept constant till the end of the growth process and used in all forthcoming steps 

after the nitridation including cooling down. After the nitridation, the temperature was 

decreased to 560 
o
C, the pressure raised to 500 mbar, and a thin GaN nucleation layer (NL) 

was deposited. Next, the wafer was brought to high temperature (1100 
o
C) and annealed for 

25 s. In this step the recrystallization of the crystallites in NL takes place. Finally a 2μm thick 

GaN layer was deposited at a total reactor pressure of 50 mbar with a V/III ratio of 

1400.GaN:Si samples were grown with varying carrier concentration. Disilane precursor was 

used for silicon doping and the carrier density was modulated by controlling the flow of 

precursor.  Also, InGaN samples were grown with various thicknesses (80 nm to 250 nm) and 

compositions (8% to 21%). 
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Chapter 6 

Structural and Optical Characterization 

 Various techniques were employed to study the structure and quality of grown 

samples. X-ray diffraction method was used to probe the internal structure parameters of the 

grown samples. The elemental composition and distribution of GaN samples were revealed 

by energy dispersive X-rays (EDX) spectroscopy. Scanning electron microscopy (SEM) and 

atomic force microscopy (AFM) images were used to study the surface quality of GaN 

samples.  

6.1 X-ray Diffraction Measurements 

The quality of GaN layers grown on Si(111) substrate were investigated by x-ray diffraction 

using PANALyticalXpert Pro. Figure 6.1 displays one of the representative x-ray spectra of 

GaN samples of group A. Here, diffraction peaks are observed at 2θ (Degree) ~ 28 ± 0.41, 34 

± 0.57, 36± 0.01, 58 ± 0.83, 72 ± 0.93, 94 ± 0.93 and 126 ± 0.21, respectively. Peaks 

observed at 2θ ~ 28 ± 0.41, 57, 58 ± 0.83 and 94 ± 0.93 are due to the silicon substrate and 34 

± 0.57, 72 ± 0.93 and 126 ± 0.21 are related to the crystalline phase of GaN, whereas 

diffraction peak at 36 corresponds to AlN buffer layer. Miller indices were calculated for 

these diffraction peaks which are (111), (222) and (333) for silicon, (002) for AlN and 

(0002), (0004) and (0006) for GaN, respectively [17, 69, 164-171]. The x-ray data verifies 

the growth of single crystalline GaN thin films on Si(111) substrate.  

The grain size (particle size) was calculated by using the Scherrer‟s equation as following: 

                   
 

     
   6.1 
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 The detail calculation procedure for Miller indices and grain size are given in table 6.1 and 

table 6.2. The average particle size comes to be 29 nm, which suggests a good quality GaN 

films. 

Figure 6.1: X-ray diffraction spectrum of GaN sample grown on Si(111) substrate by molecular beam 

epitaxy (MBE) 

 

Table 6.1: Analysis of X-Ray diffraction pattern for Miller Indices    

 

 

 

 

 

line 2θ θ sinθ sin2θ sin2θ/A S hkl sin2θ/C sin2θ - A l2 sin2θ - 3A l2 sin2θ - 4A l2 sin2θ - 7A

P1 28.41 14.205 0.245392 0.060217 0.775096  2.735903 -0.01747 -0.793856 -0.17285 -7.85337 -0.250543 -11.3831 -0.48361

P2 34.57 17.285 0.297125 0.088283 1.136352  oo2 4.01105 0.010593 0.481291 -0.14479 -6.57823 -0.222477 -10.108 -0.45555

P3 58.83 29.415 0.491132 0.24121 3.104781 110 10.95913 0.16352 7.429371 0.00814 0.369853 -0.06955 -3.15991 -0.30262

P4 72.93 36.465 0.594332 0.35323 4.546661 oo4 16.04862 0.27554 12.51886 0.12016 5.45934 0.04247 1.929581 -0.1906

P5 95.25 47.625 0.738749 0.545751 7.024724   24.79558 0.468061 21.26583 0.312681 14.20631 0.234991 10.67655 0.001921

P6 126.21 63.105 0.891837 0.795373 10.23778 oo6 36.1369 0.717683 32.60714 0.562303 25.54763 0.484613 22.01787 0.251543

A
lN

(0
0

0
2

) 
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Table 6.2: Calculation of grain size for GaN (λ = 0.154 nm)  

Sr. 

No. 

2θ θ 

(degree) 

Β 

(FWHM) 

Particle size 

(nm) 

1 34.57 17.29 0.17 50.5  

2 72.93 34.47 0.35 25.3 

3 126.21 63.11 0.85 10.4 

Avg. Particle size = 28.7 nm 

 

6.2 Fourier Infra-red Transform (FTIR) Spectroscopy  

Fourier transform infrared (FTIR) spectroscopy was performed on the GaN epilayers to study 

the lattice vibrational modes. Figure 6.2 illustrates the FTIR spectrum, here a number of 

vibrational modes of GaN, AlN and Si are present at 556, 609, 667, 734, 819, 893, 974, 1110, 

1311, 1456, 1733 and 2360 cm
-1

, respectively. Due to the stretching vibration of Ga-N atoms 

peaks appear in the FTIR spectrum at 556 and 734 cm
-1

 (Berreman effect) and are identified 

as E1(TO) and A1(LO) of cubic-GaN [172-175]. Whereas, E1(TO) mode illustrates the 

insignificance of GaN nano crystals. The peaks appearing at 667 and 893cm
-1

 can be related 

to the E1(TO) and A1(LO) vibrational modes of AlN [174, 176]. The remaining vibrational 

modes are supposedly related to the second order Raman processes [172, 177] except 609 and 

1110 cm
-1

 which are due to the Si-Si and/or Si-C lattice vibration and Si-Oi, respectively 

[178-181].         
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6.3 Scanning Electron Microscopy (SEM)  

The surface morphology of GaN displays the regular hexagonal features as shown in Figure 

6.3 (a). These hexagonal shape features are noticed in the form of steps that are present over 

all the surface of the samples. The step height of these features is observed to be 

approximately 1 μm. Some deep hexagonal pits are also present with a depth of about 5 μm 

as displayed in the cross sectional view of figure 6.3 (b). 

Figure 6.2: Representative FTIR spectrum of GaN sample grown on Si(111) substrate by molecular beam 

epitaxy (MBE) 
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Figure 6.3(a) Representative scanning electron microscopy (SEM) image (b) magnified cross-sectional 

SEM image of GaN surface grown on Si(111) substrate by molecular beam epitaxy 
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6.4 Photoluminescence (PL) Spectroscopy  

A photoluminescence (PL) spectroscopy is a relatively simple, non-destructive but useful 

technique to probe information about the intrinsic bandgap, radiative defect states, quality 

and crystallinity of the material. PL spectrum of GaN is shown in Fig. 6.4. A number of 

emission peaks are observed in the PL spectrum at 2.62, 2.88, 3.32 and 3.75 eV. A broad 

band at 2.2 eV is due to the yellow emission that is supposed to provide information about the 

quality of the sample.  
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Figure 6.4: Photoluminescence (PL) spectrum of GaN at room temperature 

 The FWHM of this broadband is consistent with the commonly observed YL i.e. 600 

meV [182, 183]. The YL band is considered to be the most studied band among the impurity 
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bands investigated. However, the band still has controversies about its origin. Few reports 

suggest its origin as silicon on gallium site (SiGa) and few others suggest the involvement of 

carbon on nitrogen site (CN) (24). A doublet emission line observed at 3.2 and 3.3 eV is 

assumed to be originated from the silicon atoms sitting at the position of nitrogen in the 

lattice of GaN i.e. SiN [183-185]. However, the lines originated from 2.62 eV and 2.86 eV are 

related to the Yi lines. The origin of Yi lines is attributed to bound exciton to extended 

defects and/or to point defects [183]. 

6.4 Raman Spectroscopy  

Raman measurements were performed for the qualitative analysis of the GaN films. 

Figure 6.5 displays the representative spectrum of Raman measurements performed on 

GaN/AlN/Si(111) samples. A number of vibrational modes corresponding to the GaN, 

Silicon and AlN are observed. There are E2 (High) and A1 (LO) modes of GaN present at 577 

cm
-1

 and 740 cm
-1

 [97, 186]. The shifting of E2 (High) mode is linked to the presence of 

compressive stress that is favorable for the device structures [69, 173, 175, 187]. Gaussian 

Peak fitting reveals the presence of multiple peaks at 540 cm
-1

 that is a combination of silicon 

(111) and GaN acoustic phonon mode A1 (TO) [172]. Further peaks from silicon acoustic 

phonon mode appears at 300 cm
-1

 and peaks present at 980 and 1287 cm
-1

 are due to 

acoustics-optical combination and optical combination, respectively [177]. Raman spectrum 

also reveals the presence of E1 and E2 modes of AlN evident at 679 cm
-1

 and 657 cm
-1

, 

whereas E2 is at the shoulder of E1[166, 188]. 
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Figure 6.5(a) Raman spectrum of GaN sample grown on Si(111) substrate by molecular beam 

epitaxy (MBE) (b) Gaussian fitting of Raman peak at 540 cm
-1
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6.5 Ellipsometry of GaN Grown on Si(111) Substrate by 

Molecular Beam epitaxy (MBE) 

The optical properties of GaN films grown on Si(111) substrate by molecular beam 

epitaxy were studied at normal incident angle in the wavelength range 380 to 800 nm by 

using Ultra Violet (UV) Ellipsometer (SE-850 SENTECH). Ellipsometry measurements were 

carried out sequentially on several areas of each sample (up to four areas) with different 

thickness of the film. Ellipsometry makes use of the fact that a light beam incident on an 

interface between two media is reflected at an oblique angle.  Various optical parameters of 

the material can be deduced from ellipsometry such as extinction coefficient, complex 

refractive index and thickness of the film. 

6.5.1 Measurement of Ψ (λ) and Δ (λ) 

 If the polarization of the incident light beam on a surface is known, necessary 

information can be obtained by measuring the state of polarization of the reflected beam. The 

measured values are expressed as relative amplitude “Ψ (λ)” and relative phase change “Δ 

(λ)” in the fundamental equation of ellipsometry given below. 

 ̅  
  

  
             6.2 

Here Ψ can vary between 0
o
 and 90

o
 and Δ can vary between 0

o
and 360

o
. These Values are 

related to the Fresnel reflection coefficients “rp”and “rs” for P and S-polarized light. Tan(Ψ) 

gives the amplitude and e
iΔ

 gives the phase change. By using this polarization ratio, the real 

part of the refractive index “n” and the imaginary part, called the extinction coefficient k, can 

be obtained and used to calculate the absorption coefficient α = 4πκ∕λ. Detail analytical 

procedures based on ellipsometric function can be found [189]. 
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Figure 6.6 and 6.7 display the ψ and Δ functions of GaN films in the energy range 3.1 

– 1.5 eV. The thickness of the films after Cauchy model fitting to the ψ and Δ data was found 

to be 496 nm. Whereas SE measurements performed at other point on the film produced 

thickness of 358.86 nm illustrated in figures 6.8 and 6.9. The results from measured 

ellipsometry data for Ψ (λ) and Δ(λ) indicate a shifting towards the shorter wave length with 

increasing thickness. Thus amount of crystallization can be calculated by monitoring the 

change of Ψ or ∆ values [190]. Furthermore, Ψ (λ) shows that as the thickness of the film 

increases the number of peaks increase. This increase comes from the interference effects. 

Also it is the evidence of low value of refractive index [191]. 

 

Figure 6.6: Plot of relative amplitude ψ(λ) vs. wavelength (λ) for GaN film with thickness 496 nm 
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Figure 6.7: Plot of relative phase change Δ(λ) vs. wavelength (λ) for GaN film with thickness 496 nm 
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Figure 6.8: Plot of relative amplitude ψ(λ) vs. wavelength (λ) for GaN film with thickness 358.86 nm 
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Figure 6.9: Plot of relative phase change Δ(λ) vs. wavelength (λ) for GaN film with thickness 358.86 nm 

6.5.2 Refractive Index and Extinction Coefficient 

           The refractive index expresses the ratio between the light clarity in vacuum and its 

clarity in the considered material. The optical constants (n & k) were determined from the 

reflectance data. The refractive index varies from 1.955 to 1.845 within the measurement 

range of 380-800 nm for both thicknesses. Refractive index is found to decrease with the film 

thickness and similar trend is reported in the literature [192-194]. The imaginary part of the 

refractive index is called extinction coefficient and by known values of absorption coefficient 

it can be calculated by the following equation [195]. 

 K= αλ/4π     6.3 

where“α” is the absorption coefficient and “λ” is wavelength. 

The extinction coefficient and refractive indices are plotted as a function of 

wavelength as shown in figures 6.10 and 6.11. It is clear from the plots that refractive index 

of the film decreases as the wavelength increases.   The origin of high extinction coefficients 
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in the near infrared region, which is known as Drude edge, is the interaction of light with the 

free electrons in GaN films. In the visible range, increasing and decreasing trend in the 

extinction coefficients is probably due to the defects in the GaN film (for example, grain 

boundaries and voids) [196]. 

 Also the difference in the refractive index values for different thicknesses results from 

variation in the detail of film structure (phase, inter phase, inhomogeneity, domain, 

microstructure, or interface roughness). With the increase of thickness, sample surface 

roughness increases refractive index and optical band gap decrease [197]. 
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Figure 6.10: Extinction coefficient vs. wavelength for GaN films at different thickness 
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Figure 6.11: Refractive index “n” vs. wavelength for GaN films with different thickness 

6.5.3 Dielectric Constant 

One of the most important functions that are used to describe the optical properties of 

the film is dielectric constant. It is observed that dielectric constant increases with increase of 

photon energy this is due to variation of refractive index and extinction co-efficient [198]. 

Figure 6.12 shows combined spectra of dielectric constants of GaN film for different 

thickness samples.  
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Figure 6.12: Real part of dielectric constant ε1 vs. photon energy for GaN films with different thickness 

6.5.4 Reflectance 

 The reflectance measurement of the GaN samples is plotted in figure 6.13. The 

multiple peaks appearing in the data are due to the interference effect. The results clearly   
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Figure 6.13: Reflectance vs. wavelength for GaN at thicknesses 496 nm and 358.86 nm 
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indicate the shifting of reflectance minima towards higher wavelength with increasing film 

thickness.  

6.5.5 Absorbance 

 Absorption is expressed in terms of absorption coefficient, which is defined be the 

relative rate of decrease in light intensity along its propagation path [199]. The absorption 

coefficient for the allowed transition can be calculated by using relation. 

                                  α =1/t [ln {1/T}]     6.4 

Where α is the absorption coefficient, t is the thickness of the film and T is transmittance 

coefficient. The plot of the absorbance versus wavelength behavior of GaN films with 

different thicknesses is shown in figure 6.14. These spectra show that maximum absorbance 

occurs at 450 nm. 
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Figure 6.14: Absorption vs. wavelength for GaN  at thickness 496 nm and 358.86 nm 
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Chapter 7  

Electrical Characterization 

 The electrical characterization of GaN epilayers grown on Si(111) substrate by 

molecular beam epitaxy was carried out by using various diagnostic techniques including 

current-voltage (I-V) characteristics, capacitance-voltage (C-V) characteristics and deep level 

transient spectroscopy (DLTS). All these measurements were performed by Keithley Pico 

Ammeter, Boonton Capacitance meter and Semilab DLS-83D spectrometer. Representative 

results are presented here.      

7.1 Current-Voltage (I-V) Characteristics 

 The current-voltage measurements function as a diagnostic tool to determine the 

quality of Schottky diodes and to characterize the diode properties. Several measurements 

were made to verify the rectifying behavior of Au/GaN Schottky diodes. Various electrical 

parameters were calculated from I-V measurements and change in these parameters as a 

function of temperature and rectifying behavior of the diode is used to study the diode 

quality. Figure 7.1 shows the representative I-V characteristics of the Au/GaN Schottky diode 

at room temperature T = 300 K. The parameters calculated at room temperature are listed 

here: ideality factor = 2.67, barrier height θB = 0.55 eV, and saturation current IS = 12 μA. 

Theoretically the barrier height can be calculated by using the following relation [189] 

            7.1 

Where φM is the metal work function i.e. the energy required to bring an electron from 

metal‟s Fermi level to the vacuum level and χ is the electron affinity of the semiconductor 

material i.e. the energy difference between the conduction band edge and vacuum level. The 

metal work function of gold is 5.1 eV and electron affinity of GaN is 4.1 eV. Hence, the 
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calculated barrier height for Au/GaN Schottky contact is 1 eV. However, the calculated value 

of barrier height from I-V characteristics at room temperature is 0.55 eV. The values of 

barrier height calculated at various temperatures are shown in table 7.1. It is clearly seen from 

the table that these values are not in agreement with the theoretical values. The possible 

reasons of this difference may be: (1) Field emission (2) field enhanced tunneling (3) surface 

states and (4) contact inhomogeneity [200, 201]. Lowering of barrier height due to field 

emission and / or field enhanced tunneling occurs in highly doped semiconductors (ND ≥ 10
18

 

cm
-3

). However, our samples are moderately / lightly doped, so reason (1) and (2) can be 

discarded. Now there are two possible reasons of lowering of barrier height. To understand 

the effect of these mechanisms on the barrier height detail is given below.  

Basically barrier height defines the overall movement of Fermi levels in 

semiconductors (downward) and metals (upward) from their original positions till the 

alignment of Fermi levels throughout the metal and semiconductor is achieved. If some 

surface states are present on either side, they modify the original position of Fermi level 

accordingly. As a result, the net movement of the Fermi level is smaller and barrier height 

lowers due to the presence of surface states. The other possible reason for this lowering of 

barrier height may be the inhomogeneity of metal contacts. Inhomogeneity is defined as the 

presence of patches or voids that are supposed to provide alternate path to carriers and may 

also generate surface currents that are not recorded as diode currents. As a result, they may be 

a cause for deviation of ideality factor and barrier height from the theoretical values. As a 

result of above discussion, we may attribute the lowering of barrier height to the presence of 

surface states and/or contact inhomogeneity.                
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Figure 7.1: Representative current-voltage (I-V) characteristic curve of Au/GaN Schottky diode 

measured at room temperature ( T= 300 K) 

Figures 7.2 and 7.3 show the behavior of ideality factor “n”, barrier height “θB” and 

saturation current “IS” with temperature. It can clearly be seen from the graphs that ideality 

factor “n” increases with temperature while barrier height and saturation current decreases. 

This shows the temperature dependent behavior of ideality factor and barrier height and it is 

related to the patchiness of barrier height. Current transport through a metal semiconductor is 

temperature dependent process that makes electrons at low temperature to go through the low 

barrier height regions and result is large ideality factor and low barrier height and vice versa 

for higher temperatures.  



88 
 

 

Figure 7.2: (a) Ideality factor “n” and (b) barrier height “θB” vs. temperature calculated from current 

voltage (I-V) characteristics for Au/GaN Schottky diode 

150 200 250 300 350 400 450
0.0

5.0x10
-6

1.0x10
-5

1.5x10
-5

2.0x10
-5

2.5x10
-5

3.0x10
-5

3.5x10
-5

 

 

S
a
tu

ra
ti

o
n

 C
u

rr
en

t 
I S

(A
)

Temperature (K)  

Figure 7.3: Saturation current IS vs. temperature T calculated from current voltage (I-V) characteristics 

for Au/GaN Schottky diode 
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7.2 Capacitance-Voltage (C-V) Characteristics 

Capacitance-Voltage measurement of semiconductors and their interfaces is a very 

sensitive and powerful technique for electrical characterization of metal-semiconductor 

contacts. In this method, the diode is reversed biased at a dc voltage, and its capacitance is 

measured by superimposing a small ac signal on the bias voltage [202]. These measurements 

are made for a number of values of reverse bias, and 1/C
2
 is plotted as a function of the bias 

voltage. The Fig. 6.28displays a linear relationship between inversed squared of capacitance 

(A/C)
2
 and applied bias (V) measured at 1 MHz. Normally, Reverse bias is applied to the 

device to explore the region beyond the depletion region generated due to metal 

semiconductor contact. We also applied forward bias additionally to study the intrinsic 

depletion region as well. Barrier height ɸB, built-in potential Vbi, and free carrier concentration 

ND were calculated from C-V measurements. The built-in potential is the ratio of y-intercept 

to the slop of the (A/C)
2
 vs. V plot. The free carrier concentration ND can be calculated by 

using the relation 

     
 

         
     7.2 

Where q is the electronic charge, εm is the relative permittivity for GaN which has the 

value of 9ε0 and slope is taken over the linear region of (A/C)
2
 vs. V curve.  

The barrier height ФB(C-V) from C-V measurements was calculated by using the 

following relation  

  ФB(C-V) = Vbi + V0     7.3 

Where Vbi is the built-in potential calculated from C-V measurements and 

   V0 = (KT/q)ln(NC/ND)     7.4 

where NC is the effective density of states in the conduction band and can be calculated by 

using the following relation 
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h
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      7.5  

where m
*
 is the effective mass of electron and its value for GaN is 0.22m (m is the rest mass 

of electron having value 9.11 x 10
-31

 kg) [189]. 

The values of above mentioned parameters calculated from C-V measurements are 

summarized in the table 7.1.   
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Figure 7.4: Capacitance voltage (C-V) characteristics curve for Au/GaN Schottky contact measured at 

room temperature (T = 300 K) 
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Figure 7.5: Built-in potential Vbi vs. temperature T calculated from C-V characteristics for Au/GaN 

Schottky diode at various temperatures 

 

 

Figure 7.6: Comparison of barrier height θB calculated from I-V and C-V characteristics for Au/GaN 

Schottky diode 
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Table 7.1: Summary of Temperature dependent electrical parameters of Au/GaN Schottky diode 

calculated from I-V and C-V characteristics  

Sr. No. Temperature 

(K) 

Ideality 

Factor 

“n” 

Saturation 

current IS 

(μA) 

Barrier 

Height 

“θB(I-

V)”(eV) 

Nd × 

10
15

 

(cm
-3

) 

Vbi (V) Barrier 

Height 

“θB(C-

V)”(eV) 

1 165 6.86 6.25 0.29 2.85 2.04 2.32 

2 200 5.35 8.85 0.36 3.78 2.14 2.48 

3 220 4.95 7.42 0.40 3.80 2.15 2.52 

4 250 4.19 8.78 0.45 2.42 2.53 2.95 

5 300 2.67 11.99 0.55 6.45 2.53 3.04 

6 350 2.38 19.68 0.63 5.75 2.45 3.06 

7 380 2.27 20.65 0.69 2.55 3.28 3.96 

 

It is clearly seen from Fig. 7.6 and table 7.1 that the barrier heights calculated from I-

V and C-V characteristics show quite different behavior with temperature. Also Barrier 

height calculated from C-V measurements is greater than calculated from I-V measurements. 

Because of different measuring principles of both of the techniques, discrepancies in the 

values are understandable. Generally barrier heights calculated from C-V measurements are 

comparatively larger than the values obtained from I-V measurements. The barrier heights 

obtained from I-V measurements are more reliable for assessing the diode performance as the 

interface traps neither respond to applied ac signals nor contribute to capacitance at higher 
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frequencies [201]. In such cases large barrier heights obtained from C-V measurements are 

attributed to interface states due to intervening insulating layer, contaminations at the 

interface, fixed surface polarization charges, deep impurity levels, edge leakage currents and 

other nitride related defects [203]. 

0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00

0

1x10
16

2x10
16

3x10
16

4x10
16

5x10
16

 

 

F
r
e
e
 c

a
r
r
ie

r
 c

o
n

c
e
n

tr
a
ti

o
n

 (
c
m

-3
)

Depth (m)  

Fig 7.7: Depth profile of free carrier’s concentration in GaN calculated from CV profile measured at 

room temperature 

The C-V technique also allows for the profiling of the diode under study to determine 

the free carrier concentration as a function of depth by an appropriate choice of bias and pulse 

voltage. The depth profile of the free carrier concentration determined from the C-V 

measurements is shown in Fig. 7.7. The free carrier concentration data exhibits nearly 

moderate behavior in n-GaN. Accumulation of charges at the interface is normally attributed 

to the presence of very thin layer of oxides and / or surface states. This observation therefore 

supports our I-V data. 
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7.3 Deep Level Transient Spectroscopy (DLTS) Measurements 

 The deep defects lie deeper within the forbidden energy gap. These levels arise due to 

the presence of structural defects such as vacancies, interstitials and badly fitting impurity 

atoms, all distort the host lattice so extensively that the binding energy greatly exceeds that of 

shallow defects and the picture becomes much more difficult than simple hydrogenic model. 

The fundamental role of the deep levels in semiconductors is well established. The electronic 

and optical properties such as mobility, resistivity, carrier life time and optical efficiency of 

the semiconductors are extremely sensitive to the presence of these levels. 

In the above scenario, the study of deep level defects plays an important role in 

establishing a material for sophisticated semiconductor devices. Deep Level transient 

spectroscopy is one of the most sensitive techniques to study deep level defects in 

semiconductor materials. The level of detection, going down to ~10
11 

cm
-3 

by this method, is 

unmatched with other characterization techniques. The DLTS technique also provides 

electrical parameters of the deep levels associated with impurities or defects. The details of 

the technique are discussed in the relevant section.  

DLTS measurements were performed to investigate the bandgap properties of GaN 

thin films grown on silicon with a buffer layer. Fig. 7.8 displays the representative DLTS 

spectrum of Au/GaN Schottky diode. The DLTS measurement conditions are: U1 = -0.3 V, 

U2 = -1.5 V and tp = 20 μs in the temperature range of 200 – 420 K and at the following lock-

in frequencies 5Hz, 50 Hz, 100 Hz, 500 Hz and 1000Hz. Here, U1, U2 and tp represents the 

biasing and filling pulse width, respectively. Only one peak is observed in the DLTS 

spectrum with a broad peak centered at 362 K. To extract the properties of the defect a 

number of thermal scans were performed at the above mentioned frequencies. The Arrhenius 

plot (shown in Fig. 7.9) of the emission rate signatures associated with the observed defect 
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level yielded activation energy Ea = 0.23 ± 0.02 eV and capture cross section of 3.18 × 10
-18

 

cm
2 

of the defect level. These parameters were calculated by using the following equation. 

  (
  

  )        
   

     7.6 

Where en is emission rate (s
-1

), T is temperature (K), ζ is capture cross section (cm
2
), γ is 

constant (cm
-2

.s
-1

), ΔE is the activation energy (eV) and K is Boltzmann constant (eV/K) 

[189]. There is no clear evidence in the literature about the finger prints of the trap found. 

From the literature review [204], it is surprising that the defect level is not intrinsically 

related to the as grown GaN layers. Rather the energy level maybe related to the Silicon 

atoms sitting at the Nitrogen position in the lattice structure of GaN as a same energy level is 

also reported in the literature [183, 205, 206]. The presence of the Silicon related defect in 

GaN layer is most probably related to the growth temperature i.e. 1050 
o
C. At this high 

temperature the out diffusion of silicon atoms becomes prominent. This hypothesis is verified 

by the growth of Silicon Carbide (SiC) on silicon, where a layer of carbon is deposited at 

high temperature that resulted in the formation of SiC. The presence of a defect level in the as 

grown GaN layers suggests that the buffer layer was unable to stop the migration of Si atoms 

from the substrate into the GaN. Though the buffer helps to reduce the dislocation density 

and the stress that would otherwise exists but a critical thickness of AlN is necessary to stop 

the diffusion of Si atoms during high temperature growth or either low temperature growth of 

GaN should be performed. This argument is further strengthened by the free carrier 

concentration depth profile shown in Fig. 7.10. Free carrier concentration increases from the 

surface of the layer to the bulk of the material. This also indicates that the large carrier 

concentration is due to incorporation of Si atoms into GaN layers. The results of DLTS were 

also supported by the PL emission spectrum where peaks appearing at 3.2 eV are assumed to 

be originated from the silicon atoms sitting at the position of nitrogen in the lattice of GaN 
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i.e. SiN. From the above discussion the defect level observed in the DLTS spectrum can be 

associated with the Silicon atoms at the nitrogen position in the lattices structure of GaN. 
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Figure 7.8: Representative DLTS spectrum of GaN along with measurement conditions 
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Figure 7.9: Arrhenius plot of data obtained from various DLTS spectra of Au/GaN Schottky diodes 
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Figure 7.10: Free carriers depth profile displaying the increasing carrier concentration with depth 
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Chapter 8 

Thermoelectric Characterization 

 Thermoelectric phenomena in solids can convert heat energy into electrical energy 

without moving parts and in a very environmental friendly way [207]. In the recent years, 

there has been a great increase in the interest and development of thermoelectric power 

generation systems that are designed to employ the vast resources of waste heat and 

environmentally sound cooling [208, 209]. Although the efficiencies of thermoelectric power 

generators are not as high as conventional systems, but they have discrete advantages of 

being compact, solid state, noise and vibration free, highly scalable and have long life time 

[19]. The main focus of research in thermoelectrics is to increase the figure of merit “ZT” 

which is directly related to the efficiency of a thermoelectric material/device to convert 

thermal energy into electrical energy. The figure of merit of a thermoelectric material is 

defined as  

    
   

 
     8.1 

where S is the Seebeck coefficient, ζ is the electrical conductivity, k is the thermal 

conductivity and T is the temperature.  

Today the best current room temperature thermoelectric materials are Bi2Te3 based structures. 

They have inherently low thermal conductivity and a sufficiently high electrical conductivity 

to achieve figure of merit ZT > 1, but their applications are limited because of volatile and 

toxic nature of tellurium and its low operational temperature range [210, 211]. Whereas 

silicon germanium alloy (Si1-xGex), showed good thermoelectric properties but its 

applications are limited due to the inability of the material to be used at standard temperature 
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and pressure use only at 1000 
o
C in vacuum [212]. Wide band gap semiconductors especially 

III-Nitride based materials have several advantages that make them promising candidates for 

high temperature thermoelectric applications. Some of outstanding features of III-Nitrides are 

their ability to operate at high power and high temperature, high mechanical strength and 

stability and radiation hardness. Additionally, TE figure of merit “ZT” of III-Nitrides can be 

enhanced via band gap engineering and nanostructure incorporation with great ease [210]. 

However, only few reports are published in literature concerning the thermoelectric 

properties of III-Nitrides.  

A comprehensive study of the thermoelectric properties of GaN and InxGa1-

xNstructures is made. The Seebeck coefficient “S” electrical conductivity “ζ” of three 

different types of GaN (un-doped, Mg doped and Silicon doped) and InxGa1-xN samples of 

varying indium concentration were measured at room temperature. The Seebeck coefficients 

were measured by homemade system described in the relevant section.  

8.1 Thermoelectric Study of GaN Samples 

The measurement data i.e. temperature difference ΔT vs. Seebeck voltage V are 

displayed for undoped, GaN:Mg and GaN:Si in figure 8.1.  

Fig. 8.2 displays the plot of Seebeck coefficient as a function of carrier concentration. 

It can be seen from the graph that Mg doped p-type GaN has much higher Seebeck 

coefficient than the undoped and Si doped n-type GaN samples. The Seebeck coefficient 

typically increases with the bandgap and crystal quality of a material. P-type materials have 

typically higher Seebeck coefficients than n-type materials due to generally low mobility of 

p-type semiconductors [213]. While the Seebeck in our Si doped GaN samples decreases 

linearly with the log of carrier concentration following the same manner observed in the 

literature [19, 214-216]. 
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Figure 8.1: Representative Seebeck measurement results for various GaN samples measured by 

homemade system (a) undoped GaN with n = 5.91 × 10
16

 cm
-3

. (b) p-type GaN with p = 1.55 × 10
17

 cm
-3

. 
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Figure 8.2: Seebeck coefficient vs. carrier concentration for GaN measured at room temperature (T = 300 

K). 
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Figure 8.3: Electrical conductivity (σ) of GaN vs. carrier concentration measured at room temperature (T 

= 300 K). 
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Figure 8.4: Power factor (PF) in GaN vs. carrier concentration measured at room temperature (T = 300 

K). 

 Fig. 8.3 displays the plot of electrical conductivity of GaN samples vs. carrier 

concentration. The undoped and Mg doped GaN samples show very low electrical 

conductivity as compared to Si doped n-type GaN samples. The reason of low electrical 

conductivity in Mg doped GaN samples is the low mobility of charge carriers in the samples 

as well as Mg‟s relatively deep acceptor level. In contrast, from the graph it can be seen 

clearly that electrical conductivity increases linearly with log of carrier concentration in Si 

doped GaN samples. The incorporation of Si increases both the carrier concentration and the 

electrical conductivity compared to undoped GaN because Si is a shallow donor and exhibit 

lower activation energy at higher carrier concentrations [211, 217].  

 The power factor of Si doped samples is higher than that of undoped and Mg doped 

GaN samples as shown in Fig. 8.4, although the Seebeck coefficient of Mg doped GaN 

samples is larger than those of Si doped GaN samples. The reason is very small electrical 



103 
 

conductivity of Mg doped GaN samples and is an example of inverse relationship between 

electrical conductivity and Seebeck coefficient observed in other materials [213]. 

8.2 Thermoelectric Properties of InxGa1-xN Samples 

 The Seebeck coefficient and electrical conductivity of various InGaN samples with 

different indium content were measured to study the thermoelectric properties. Fig. 8.5 

displays the measurement data for various InGaN samples and Seebeck coefficient was 

calculated for each sample by using the following relation.  

     
  

  
      8.2 

Where ΔV is the Seebeck voltage and ΔT is the temperature difference applied between the 

ends of sample to generate Seebeck voltage. 

The measured Seebeck coefficient as a function of indium content is displayed in Fig. 

8.6. The plot shows that with increasing indium content, Seebeck coefficient deceases.  The 

sample with 7% indium content is Mg doped which shows higher Seebeck coefficient as 

compared to n type InGaN samples. This result was expected because p-doping typically 

enhances the Seebeck coefficient. The decrease in Seebeck coefficient with increasing indium 

content is also rational because incorporation of indium into GaN decreases the bandgap and 

as a result decreases the Seebeck coefficient. Similar observations are also reported in the 

literature [213, 215, 218, 219]. 
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Figure 8.5: Representative Seebeck measurement results for In1-xGaxN samples with varying indium 

content measured by homemade system (a) In0.51Ga0.49N (b) In0.22Ga0.78N 
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Figure 8.6: Seebeck coefficient vs. In content (%) of InGaN measured by homemade system at room 

temperature (T = 300 K) 
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Figure 8.7: Electrical conductivity vs. In content (%) of InGaN measured by homemade system at room 

temperature (T = 300 K) 
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Figure 8.8: Power factor (PF) vs. In content (%) of InGaN measured by homemade system at room 

temperature (T = 300 K) 

 The electrical conductivity of InGaN was measured by Hall measurement system and 

displayed in Fig. 8.7. The plot shows that the electrical conductivity increases with increase 

in indium content. The increase in the electrical conductivity may be attributed to the 

increased background electron concentration with an increase in indium content in InGaN 

alloys [210]. An opposite behavior was observed in another study but the carrier 

concentration in all the samples of InxGa1-xN was kept constant [19]. The sample with Mg 

doping showed very low electrical conductivity that may be attributed to its typical p-type 

behavior. The power factor shown in Fig. 8.8 slightly decreases with increase in indium 

content. This is attributed to the dominant behavior of Seebeck coefficient provided that 

electrical conductivity is not too low. The low electrical conductivity of Mg doped InGaN 

sample compensated for its high Seebeck coefficient. The sample with 10% indium content 

exhibited very high electrical conductivity which may be attributed to the presence of shallow 
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level impurities due to incorporation of Si doping. The sample also showed much higher 

power factor. The reason for this variation in power factor is not completely understood but 

may be due to strain state in the material and / or formation of compositional fluctuations 

[219].  
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Conclusion 

 In the last decade, there has been tremendous growth of nitride semiconductor devices. 

The great success of III-Nitrides is related to the GaN excellent properties and its alloys. Due 

to its potential applications in the field of high power and high frequency devices, blue light 

emitting diodes (LED) and high electron mobility transistor (HEMT), GaN became the 

candidate to be extensively studied in recent years.  However, most of these devices of GaN 

are fabricated on sapphire or silicon carbide. Nevertheless there are numerous issues related 

to the fabrication of GaN based devices on these substrates for example high cost, poor 

thermal conductivity of sapphire and SiC and lack of these large size substrates. Due to large 

lattice and thermal mismatch between GaN and sapphire, use of sapphire as a substrate 

introduces large number of threading dislocation density making it incompatible to be used as 

a substrate. On the other hand, silicon substrates are of low cost, available in large diameters 

and have well characterized electrical and thermal properties. Moreover, GaN on Si has the 

potential to integrate the excellent optoelectronic properties of GaN with the well-established 

Si microelectronics industry. But, lattice and thermal coefficient mismatch between GaN and 

Si leads to the poor quality GaN epilayers on Si substrate. To overcome the lattice mismatch 

buffer layer growth is the obvious choice. 

 In this study, GaN thin films were fabricated by on Si (111) substrate 2ʺ in diameter 

by molecular beam epitaxy. Prior to the growth of GaN on silicon, an AlN buffer layer was 

deposited at substrate temperature 600 
o
C and at chamber pressure 1.4 × 10

-9
Torr for about 10 

minutes. After the growth of AlN buffer layer, the MBE chamber pressure, substrate 

temperature and gallium cell temperature were set to 1.4 × 10
-9 

Torr, 1050 
o
C and 930 

o
C 

respectively.  

 To study the interface and effect of buffer layer on the as grown GaN is performed via 

number of characterization techniques X-ray diffraction (XRD), scanning electron 

microscopy (SEM), Fourier transform infrared (FTIR) spectroscopy, Raman spectroscopy 

and photoluminescence (PL). The analysis of observed XRD spectra proposed the growth of 

good quality single crystalline GaN films along (0002) plane. In addition, the diffraction peak 

observed in XRD data at 2θ value of 36 confirms the formation of AlN buffer layer. The 

surface morphology of as-grown samples was studied by SEM that exhibited the presence of 

patterned hexagonal features in the form of steps with step height of about 1 μm. 

Spectroscopic ellipsometry measurements were also performed to measure the optical 
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properties of as-grown GaN layers. The optical properties studied were refractive index, 

extinction coefficient, dielectric constant and reflectance. FTIR data reveals the presence of a 

number of vibrational modes related to GaN, AlN and silicon. Raman spectra indicate the 

presence of E2 (High) and A1 (LO) modes of GaN present at 577 cm
-1

 and 740 cm
-1

. A 

number of emission peaks are observed in the PL spectrum at 2.62, 2.88, 3.32 and 3.75 eV 

that are related to the band edge emission, Yellow emission and silicon atoms sitting at 

nitrogen atoms. 

The qualitative study of the interface was performed by the electrical measurements using 

deep level transient spectroscopy. Temperature dependent current voltage (I-V) and 

capacitance voltage (C-V) measurements were carried out to investigate the quality of the 

Schottky diodes fabricated prior to the electrical measurements. The I-V and C-V data was 

used to determine the barrier height, ideality factor and doping concentration. Here ideality 

factor and barrier height shows inverse and direct relation with the temperature, respectively. 

The doping concentration was found to be in the range of 2 × 10
15

 cm
-3

. In the DLTS 

measurements temperature scans were performed at various frequencies. Only single trap 

level was observed and energy and capture cross section of the defect level was measured 

using the Arrhenius plot. The energy of the trap and capture cross-section comes to be 0.23 

eV and 3.2 × 10
-18

 cm
-2

, respectively. From the literature review, it is proposed that the 

observed deep level has the signature of silicon atoms sitting in the lattice structure of GaN. 

This shows that the high temperature growth of GaN is favored with the out diffusion of 

Silicon irrespective of the presence of the buffer layer. It can be inferred from this that the 

buffer layer was not able to stop the migration of silicon atoms from the substrate to the 

grown film. 

In the future study the buffer layer thickness would be changed to monitor the presence of 

silicon atoms in the as grown GaN. Further the low temperature growth of GaN is another 

possibility that will not favor the silicon atoms to diffuse out of the substrate and incorporate 

silicon related defects in as grown GaN films.         
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