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of this relationship is necessary for fabrication of devices with desired optical properties. The structural quality and hence the optical properties 
can be influenced by the growth method and the substrate used. The aim of this work was to investigate the change in optical properties caused 
by growth techniques and substrate modification. To study the influence of growth technique on optical properties, ZnO nanostructures were 
grown using atmospheric pressure metal organic chemical vapor deposition (APMOCVD) and chemical bath deposition (CBD) technique. The 
structural and optical investigations were performed using scanning electron microscopy (SEM) and micro photoluminescence (μ-PL), respectively. 
The results revealed that the grown structures were in the shape of nano-rods with slightly different shapes. Optical investigation revealed that 
low temperature PL spectrum for both the samples was dominated by neutral donor bound excitons emission and it tends to be replaced by free 
exciton (FX) emission in the temperature range of 60-140K. Both excitonic emissions show a typical red-shift with increase in temperature but 
with a different temperature dynamics for both the sample and this is due to difference in exciton-phonon interaction because of the different 
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donor bound excitons and free exciton emission become dominant at 100 K for all the samples which completely eliminate the neutral donor 
bound excitonic emission at 160K. Two electron satellite of the neutral donor bound excitons and LO phonons of excitonic features are also 
present. A typical red-shift in excitonic features was evident in temperature dependence measurement. Red-shift behavior of free exciton for all 
the samples was treated by applying Varshni empirical expression and several important parameter, such as, the Debye temperature and the 
band gap energy value was extracted. Thermal quenching behavior was also observed and treated by thermal quenching expression and value of 
the activation energy for non-radiative channel was extracted. The results that are obtained demonstrate a significant contribution in the fields of 
ZnO based nano-optoelectronics and nano-electronics. 
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Abstract 

A close relation between structural and optical properties of any semiconductor 

material does exist. An adequate knowledge and understanding of this relationship is 

necessary for fabrication of devices with desired optical properties. The structural 

quality and hence the optical properties can be influenced by the growth method and 

the substrate used. The aim of this work was to investigate the change in optical 

properties caused by growth techniques and substrate modification. To study the 

influence of growth technique on optical properties, ZnO nanostructures were grown 

using atmospheric pressure metal organic chemical vapor deposition (APMOCVD) and 

chemical bath deposition (CBD) technique. The structural and optical investigations 

were performed using scanning electron microscopy (SEM) and micro 

photoluminescence (μ-PL), respectively. The results revealed that the grown structures 

were in the shape of nano-rods with slightly different shapes. Optical investigation 

revealed that low temperature PL spectrum for both the samples was dominated by 

neutral donor bound excitons emission and it tends to be replaced by free exciton (FX) 

emission in the temperature range of 60-140K. Both excitonic emissions show a typical 

red-shift with increase in temperature but with a different temperature dynamics for 

both the sample and this is due to difference in exciton-phonon interaction because of 

the different sizes of nano-rods.  Defect level emission (DLE) is negligible in both the 

sample at low temperature but it increased linearly in intensity after 130 K up to the 

room temperature.  

Modification in substrate can also play a significant role on structural and optical 

properties of the material. Specially variation in the miscut angle of substrate can help 

to control the lateral sizes of the Nanostructures and thus can help to obtain better 

structural and optical quality. Also optical quality is a key requirement for making blue 

and ultraviolet LEDs. Therefore, ZnO Nanostructures were grown on SiC on-axis and off-

axis substrates having different off-cut angles. Morphological investigation revealed that 
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grown structures are epitaxial for the case when substrate off-cut angle is higher and 

deposition rate is low. Low temperature PL spectrum of all the samples was dominated 

by neutral donor bound excitons and free exciton emission become dominant at 100 K 

for all the samples which completely eliminate the neutral donor bound excitonic 

emission at 160K. Two electron satellite of the neutral donor bound excitons and LO 

phonons of excitonic features are also present. A typical red-shift in excitonic features 

was evident in temperature dependence measurement. Red-shift behavior of free 

exciton for all the samples was treated by applying Varshni empirical expression and 

several important parameter, such as, the Debye temperature and the band gap energy 

value was extracted. Thermal quenching behavior was also observed and treated by 

thermal quenching expression and value of the activation energy for non-radiative 

channel was extracted. The results that are obtained demonstrate a significant 

contribution in the fields of ZnO based nano-optoelectronics and nano-electronics. 

 

  



vi | P a g e  
 

 

Acknowledgements 

I take this opportunity to convey my sense of gratitude towards all those people 

who helped me during my thesis work. I’d like to thank my examiner Rositza Yakimova 

for giving me an opportunity to work under her supervision. I’d also like to thank my 

supervisor Volodymyr Khranovskyy for making the entire plan for the thesis, which 

produced valuable results. I gained a great amount of knowledge during my thesis work 

from my co-supervisor Fredrik Karlsson and therefore, a special thank goes to him. I 

appreciate you for always being available for discussion despite of your busy schedule. 

I’m thankful to all my group members as well who contributed in this research work. 

I’d like to thank all my friends for encouraging me and giving me wonderful 

memories. I want to express my heartfelt appreciation to Asim Aijaz for guiding and 

supporting me on every step from my very first day in this country. 

To my brothers and sisters, for all the love they have given me throughout my 

life, thanks for supporting me to take my decisions independently. I don’t have enough 

words to thank my mother who is the most precious asset of my life and the source of 

motivation for me. Whatever good things I’ve done and want to do in my life are just to 

please you.   



vii | P a g e  
 

 

Table of Important Abbreviations 

 

D⁰X Neutral donor bound exciton 

FX Free exciton 

TES Two electron satellite 

PL Photoluminescence 

DAP Donor acceptor pair 

SEM Scanning electron microscope 

APMOCVD Atmospheric pressure metal organic chemical vapor deposition 

CBD Chemical bath deposition 

  



viii | P a g e  
 

 

Contents 

Ch#1-Introduction .................................................................................................................... 1 

1.1- Motivation ............................................................................................................................ 2 

Ch#2: Properties of Zinc Oxide ............................................................................................ 4 

2.1- General Properties ............................................................................................................... 4 

2.2- Crystal Properties ................................................................................................................. 5 

2.2.1- Lattice Structure ............................................................................................................ 5 

2.2.2- Phonons ......................................................................................................................... 6 

2.2.3- Basic Crystal Parameters ............................................................................................... 7 

2.3- Electronic Properties ............................................................................................................ 8 

2.3.1- Band Structure .............................................................................................................. 8 

2.3.2- Shallow and Deep Impurity Levels ................................................................................ 9 

2.3.3- Surface States .............................................................................................................. 10 

2.3.4- Surface Bend Bending ................................................................................................. 10 

2.3.5- Basic Electronic Parameter.......................................................................................... 10 

2.4- Light Emitting Properties .................................................................................................... 11 

2.4.1- Near Band-edge Emission ........................................................................................... 13 

2.4.2- Deep level emission..................................................................................................... 16 

2.4.3- Competing Non Radiative Recombination .................................................................. 17 

2.5- Morphological diversities ................................................................................................... 18 

2.5.1- Epitaxial Layers and Nanostructures ........................................................................... 18 

2.5.2- Applications ................................................................................................................. 21 

Ch#3- Growth and Characterization ............................................................................... 24 

3.1- Growth technique .............................................................................................................. 24 

3.1.1- Setup Description ........................................................................................................ 24 

3.1.2- Description of the Growth Process ............................................................................. 26 

3.1.3- Substrates .................................................................................................................... 27 

3.1.4- Substrates Cleaning ..................................................................................................... 28 

3.1.5- Samples Details ........................................................................................................... 30 



ix | P a g e  
 

 

3.2- Characterization ................................................................................................................. 32 

3.2.1- Scanning Electron Microscopy .................................................................................... 32 

3.2.2- Photoluminescence Spectroscopy .............................................................................. 35 

Ch#4- Results and Discussion ........................................................................................... 40 

4.1- Comparison of optical properties of 1D ZnO nano- structures .......................................... 40 

4.1.1- Motivation ................................................................................................................... 40 

4.1.2- Microstructure and Morphology ................................................................................. 41 

4.1.3- Photoluminescence Properties ................................................................................... 42 

4.2- Study of microstructures grown on SiC substrate.............................................................. 47 

4.2.1- Motivation ................................................................................................................... 47 

4.2.2- Microstructure and Morphology ................................................................................. 48 

4.2.3- Low Temperature Photoluminescence Properties ..................................................... 51 

4.2.4- Temperature Dependent Photoluminescence Properties .......................................... 56 

4.2.5- Red-shift and Thermal quenching behavior ................................................................ 60 

Conclusions ................................................................................................................................ 64 

References:............................................................................................................................... 66 

 



1 | P a g e  
 

 

Ch#1-Introduction 

 

‘’One shouldn’t work on semiconductors that are a filthy mess; who knows if they really 

exist?’’ 

Wolfgang Pauli, 1931 [1] 

The genius of Quantum mechanics was not smart enough to foresee the 

revolution that was knocking at the doors of electronics industry. It was not too late 

from that time when Pauli gave this statement, that in 1947 working at Bell Laboratories 

John Bardeen and Walter Brattain invented the first germanium based transistor which 

was later conceived with a better transistor by William Shockley [2]. This remarkable 

invention was beginning of a new era of modern life which was based upon 

semiconductors. After this breakthrough, the semiconductor industry kept growing 

enormously. Now, the semiconductor based products have influenced our life to a great 

extent and indeed it has given new meaning to human life. Semiconductors have 

changed the world beyond the imagination of people and they are penetrated into daily 

life of human beings all over the world.                                                                          

Products of semiconductor have spread everywhere and covering a vast range so 

that it is harder even to list the application of semiconductors that are surrounding our 

lives. Diode, transistors, laser diode, light emitting diodes, Photocell, pin diode, photo 

detectors, solar cells, schottky diodes, tunnel diodes, zener diodes, field effect 

transistors (FETs), thyristors, silicon controlled rectifiers, uni-junction transistors, hall 

effect transistors, integrated circuits (ICs), charge coupled devices (CCDs), 

microprocessors, random access memories, and read only memories (ROMs) are just to 

name a few. Of course the instrument or devices based on these components are 
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literally uncountable and most influential in our lives and have added a new meaning, 

luxury and style to modern age which was beyond the imagination of the people of pre-

semiconductor era.  

In the semiconductor family, Silicon (Si) keeps the dominant position in the 

commercial market due to the fact that most of the discrete devices and integrated 

circuits for computing, data storage and communication are fabricated by silicon. 

However, silicon is not a suitable candidate for opto-electronics applications such as 

light emitting diodes and laser diodes, due to its indirect band gap structure. Therefore, 

for opto-electronics applications focus was turned for finding any suitable direct band 

gap material. GaAs, became the suitable choice for this purpose due to its direct band 

gap structure. However, in the age of information technology, blue light emitting diodes 

became the hot affair and GaAs was not capable enough for making ultraviolet or blue 

light emitting diodes. So the focus again turned to find any suitable material and that 

began the era of third generation semiconductor material, the wide band gap material 

such as SiC, GaN and ZnO. So these materials in the recent past years, have become the 

focus of research, and lot of efforts are going on around the world to explore the unique 

optical properties of these wide band gap materials and to make them applicable for 

opto-electronics devices.  

1.1- Motivation 

The aim of this work is to investigate the optical properties of ZnO 

Nanostructured materials that are prepared by using atmospheric pressure metal 

organic chemical vapor deposition (APMOCVD) and chemical bath deposition technique. 

Samples are grown on different substrate and different growth conditions that are 

supposed to result in different morphological structures and different optical properties. 

Many properties including morphological, electrical, and optical properties of ZnO 

are thought to be sensitive to the technique used for its preparation. Two different 

types of samples prepared by using two different techniques will be exploited to 
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observe the difference in photoluminescence properties. The techniques used for 

preparation are atmospheric pressure metal organic chemical vapor deposition 

(APMOCVD) and chemical bath deposition (CBD), the idea is to grow 1-dimensional ZnO 

structure i.e. nano-rods and compare the effect of preparation technique on optical 

properties of the samples. 

ZnO is considered as most suitable element for making LEDs in blue and ultra violet 

(UV) range. But due to self compensation effect in ZnO, as-grown structures are almost 

always n-type. Using foreign substrate which have low lattice mismatch and similar 

thermal expansion co-efficient mismatch as p-type material can be used as replacement. 

Therefore we used SiC as p-type substrate which has very low lattice and thermal 

mismatch with ZnO crystal and therefore very suitable for making p-SiC/n-ZnO 

heterointerface.  

It is believed that structural and interfacial defects are the main cause behind the 

quenching of near-band edge emission and increase in defect level emission. Hence, 

attaining a high optical quality of hetero-interface is the key task. Due to better 

structural quality, improved stoichiometry, and ability to relieve the strain, 

Nanostructures can be a feasible pn-junction for obtaining the mono-emission spectra. 

So we used a series of SiC with different miscut angle believing that the off-axis 

substrate will provide favored nucleation process which will ultimately result in ZnO 

structure of nano-sized dimension whose lateral size will depend upon miscut angle and 

hence the optical property will vary with the miscut angles.  
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Ch#2: Properties of Zinc Oxide 

Zinc oxide is considered as a very promising wide band gap material owing to its 

potential applications in the opto-electronics and many other fields. It is very cheap 

compare to other wide band gap materials. Ease of fabrication, structural diversity and 

vast range of its potential application has made ZnO, one of the hottest research topics 

of the semiconductor field in the current era. Many important properties of ZnO are 

discussed in details in the sections below. 

2.1- General Properties  

ZnO belongs to II-VI semiconductor material group. At room temperature it has 

direct wide band gap of 3.37 eV which lies in the near UV spectral-region. It has a large 

free exciton binding energy and excitonic emission processes can exist up to or above 

room temperature. It has a high thermal and chemical stability with melting point of 

1975 0C. It crystallizes in wurtzite structure at ambient conditions. As grown ZnO crystals 

are typically n-type. ZnO is extremely cheap material with large abundance in nature, 

with its easy fabrication process and fascinating optical properties it has gain a huge 

commercial attraction.  

ZnO is easy to prepare as Nanostructures and films and they can be used for 

different applications. ZnO Nanostructures including nano-wires arrays has the 

possibility to be used in flat screen displays, field emission sources, gas chemical sensors 

[3] and as UV light emitters and switches [3-6]. ZnO particles have also been used in 

improving few of the substances like sunscreen, coatings and paints etc. ZnO epitaxial 

layers and single crystals can be used for optoelectronics devices such as blue and UV 

light emitters and detectors [7], spintronics [8] and piezoelectric [9] devices. It is also 

thought to be used with GaN to be used in light sources of 21st century [10]. Epitaxial 

ZnO can also be used as transparent thin films [11] which then can be used in solar cells, 

gas sensors, displays and wave length elective applications.  
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In short, range of possible ZnO based applications is quite large. The ease of 

fabrication and the versatility of devices that can be made with it, makes it very 

attractive material in terms of social and industrial prospect. However, there are still 

some problems acting as barriers in making the fabrication of ZnO based devices a 

reality, one of them is the difficulty in making p-type ZnO material. Nonetheless, unique 

properties of ZnO and worldwide fast pace research to explore and control its properties 

clearly indicates a very bright future of this material. 

2.2- Crystal Properties 

2.2.1- Lattice Structure 

Zinc Oxide is mostly found in three types of crystal structures, namely Wurtzite (B4), 

Zinc blende and rock salt (figure 2.1). Theoretical calculations also indicate the 

possibility of a new type of structure called cubic cesium chloride structure expected at 

very high temperature, however, this structure has not been experimentally proven yet 

[12]. At relatively high pressure there is a possibility of getting rocksalt structure of ZnO. 

Zinc blende structure is only obtained for growth on cubic substrates [13]. While the 

wurtzite phase of ZnO is regarded as thermodynamically stable phase at ambient 

conditions. Therefore, the following discussion will be entirely related to wurtzite phase 

of ZnO. In the hexagonal wurtzite structure of ZnO, each Zn ion is surrounded by a 

tetrahedral of O ions and vice-versa. The tetrahedral co-ordination of this compound is 

an indication of sp3 covalent bonding. However, the bonds also have very strong ionic 

character and they are regarded as at the border of ionic and covalent compound. The 

wurtzite ZnO structure consist of two interpenetrating hexagonal closed pack sub 

lattices. The hexagonal unit cell have two lattice parameter ‘a’ and ‘c’ with a ratio of c/a 

= (8/3)1/2.  
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Figure 2.1: Three phases of ZnO, (a) Hexagonal wurtzite (b) Cubic rocksalt (c) Zinc-blende. The gray and black 
spheres represent Zinc and Oxygen respectively [47]. 

 

2.2.2- Phonons  

 Atoms in a pure solid are tied with each other through bonds and can’t vibrate 

independently. The vibration only takes place in collective modes which oscillate 

through the material. The vibrational energies are quantized and can be treated as 

quantum harmonic oscillators. The collective vibrational modes accept or give energy in 

discrete amount only, and these quanta of energy are called phonons. 

Solids in which unit cell contains more than one type of atom exhibits two kinds 

of phonons, namely acoustic and optical phonon. The frequencies of acoustic phonons 

correspond to the sound wave and tend to zero with longer wavelengths. Acoustic 

phonons are abbreviates as LA and TA for longitudinal and transverse modes 

respectively.  

Optical phonons have a non-zero frequency at the center of Brillouin zone. Near 

the long wavelength limit they show no dispersion. In ionic crystal such as sodium 

chloride they are excited by infra red radiations, this is the reason for them to be called 

optical phonons. This is because they corresponds to a mode of vibration where positive 

and negative ions at adjacent lattice sites swing against each other, creating a time 
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varying electrical dipole moment. Optical phonons are abbreviated as LO and TO for 

longitudinal and transverse modes respectively.   

A wurtzite ZnO contains 4 atoms in its unit cell that give a total of 12 phonon 

modes, namely, one LA, two TA, three LO and six  TO branches. The zone centered 

optical phonon, lie at the Г point of the brillouin zone named as A1, E1 and E2 branches. 

A1 and E1 modes are polar and split into LO and TO phonons with different frequencies 

due to the macroscopic electric field which are associated with LO phonons. A1 and E1 

modes have different frequency because the short range inter-atomic forces cause 

anisotropy. Because the electrostatic force dominates the anisotropy in the short range 

forces, the TO-LO splitting is larger than the A1-E1 splitting. For the lattice vibration with 

A1 and E1 symmetry, the atom move parallel and perpendicular to the c-axis respectively 

[13].   

2.2.3- Basic Crystal Parameters  

Basic crystal parameters of ZnO are compiled in table 2.1 [13-15]. It is worth to 

note that some of these parameters values are still in debate. For example there is some 

spread found in the value of thermal conductivity due to influence of defects such as 

dislocations [16].  

Table 2.1: Some basic crystal parameter values of ZnO. 

Physical Parameters Values 

Lattice parameters at 300 K  
 a0 0.324 95 nm  

c0 0.520 69 nm  

a0/c0 1.602 (ideal hexagonal structure shows 1.633)   

u  0.345 

Density  5.606 g cm−3 

Stable phase at 300 K  Wurtzite  

Bond length  1.977 μm  

Melting point  1975 ◦C  

Thermal conductivity  0.6, 1–1.2  

Linear expansion coefficient (/C)  
a0: 6.5 × 10-6 
c0:3.9 x 10-6 

LO phonon replica 71-73 meV 
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2.3- Electronic Properties 

2.3.1- Band Structure 

A better understanding of a particular semiconductor material is essential in 

order for it to be implemented in preparation of devices. Several theoretical approaches 

have been employed and some experimental results have also been published to 

determine the band structure of ZnO.  

Most of the theoretical calculations for ZnO band structures are based on local 

density approximation (LDA) [17, 18–20]. The so called GW method (based on Green 

function) is also employed to find the bandwidth of II-VI compounds [21]. But simple 

LDA calculations give wrong estimation of the band gap. Therefore in another report, 

dominant self-attraction corrections were taken in to account for calculation of II-VI 

compound band gaps [22]. In figure 2.2, comparative results are shown for LDA 

methods. On the right panel standard LDA calculation are shown and the left panel 

shows the results which obtained by including the self-interaction corrected pseudo 

potential (SIC-PP) approach. In the left panel the errors of standard LDA calculation are 

visible, such as the dispersion of band width and a very low band gap. With the SIC-PP 

the d-band (bottom 10 bands occurring around 9 eV) is shifted down which results in a 

large change in band gap as compare to the standard LDA. 

                

Figure 2.2: LDA bulk-band structure of ZnO calculated by using a standard pseudopotential (PP) (left panel), and 
using SIC-PP (right panel). The horizontal dashed lines indicate the measured gap energy and d-band width [22]. 
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Also the dispersion and band width of O 2p (6 bands above d-bands between -5 eV to 0 

eV) are changed. Beside the structure of band gap, splitting of the valence band is 

another important factor in ZnO wurtzite structure. The valence band is split into 3 

states named A, B, and C, as shown in figure 2.3.  The splitting of the valence band takes 

place due to the crystal field and spin orbit interaction.  

 

                    
  Figure 2.3: Spin orbit coupling and crystal field caused the splitting of valence band of wurtzite ZnO [23].         

 

2.3.2- Shallow and Deep Impurity Levels 

Impurities that are added into a semiconductor material can have energy states in the 

forbidden region or within the band gap of the material, which can affect the band 

structure and cause great alteration in the electronic properties of the semiconductor. 

The impurities that have energy states close to the valence or conduction band of 

material are called shallow impurities, and they are typically not separated more than 

3KbT (where Kb stands for Boltzmann’s constant and T for temperature) from the 

respective band edges, at room temperature. When an impurity introduces new energy 

level near the middle of the band gap they are called deep impurities. The 

photoluminescence spectrum of ZnO indicates the presence of so many shallow and 

deep level impurities irrespective of growth technique and growth conditions. 
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2.3.3- Surface States 

 Due to incomplete covalent bonding at the surface of semiconductor material 

some special states are created called surface states. They create energy levels within 

the band gap. Surface states can either acts as donors or acceptors and it depends upon 

whether or not they are neutral when occupied. Surface states can sometimes also be 

caused by impurities in semiconductors such as oxygen impurity. For example arsenic 

oxide has been linked to the surface states in GaAs located at about 1/3 of the energy 

band gap above the valence band. These surface states cause the Fermi energy to be 

pinned and electrons from the valence band fall into the surface states until the Fermi 

energy coincides with the level to which the surface states are filled. This causes a 

natural surface depletion in GaAs. 

2.3.4- Surface Bend Bending 

The phenomenon of surface bending has a significant effect on Nanostructures 

due to their large surface to volume ratio. Some acceptor like states can exist even in as-

grown ZnO which is n-type in nature [50]. Some donor electrons in the conduction band 

try to reduce their energy by occupying the acceptor like surface states. This transition 

leads to a negative surface charge buildup which is counter balanced by a positive 

charge which originates from  ionized donors, so that over all charge neutrality is 

maintained. As a result, a built-in electric field is created which give rise to an 

electrostatic potential, and energy bands move upwards near the surface and a surface 

depletion layer is formed which strongly influence the photoluminescence properties of 

ZnO Nanostructures [49]. Larger surface to volume ratio leads to stronger band bending 

in Nanostructures. 

2.3.5- Basic Electronic Parameter 

Basic electronic parameters of ZnO are compiled in table 2.2 [14, 15]. It is worth 

to note that some of these values are still in debate. For example the value of hole 

mobility and effective mass is uncertain due to few reports of p-type ZnO materials [53]. 



11 | P a g e  
 

As there will be more control in the future to reduce compensation and defects in ZnO, 

the values for carrier mobility is expected to increase also.  

Table 2.2: Some basic electronic parameter values of ZnO. 

Physical Parameters Values 

Lattice parameters at 300 K  
 Static dielectric constant  8.656 

Refractive index  2.008, 2.029  

Energy gap  3.4 eV, direct  
Intrinsic carrier concentration  < 106 cm−3(max n-type doping >1020  

cm-3 electrons; max p-type doping<1017 cm-

3 holes) 
 

Breakdown voltage (106 V cm–1) 5.0 

Saturation velocity (107 cms-1) 3.0 

Exciton binding energy  60 meV 

Electron effective mass  0.24 

Electron Hall mobility at 300 K for low n- type 
conductivity 

200 cm2 V−1 s−1 

Hole effective mass   0.59 
Hole Hall mobility at 300 K for low p-type 
conductivity 5–50 cm2 V−1 s−1 

2.4- Light Emitting Properties 

The research studies on the optical properties of ZnO started many decades ago 

,but quite recently there is a renewed interest in this field due to perspective application 

of ZnO in optoelectronics field. Its direct wide band gap, a large binding exciton energy 

and efficient radiative recombination makes it an attractive contender for 

optoelectronics application. Even at low excitation power it can give efficient exciton 

emission at room temperature because of its strong exciton binding energy and thermal 

energy at room temperature. Due to mentioned reasons ZnO is regarded as very 

promising photonic material. 

In a semiconductor material, recombination of hole-electron pair can take place 

through two recombination mechanisms namely radiative and non-radiative 

recombination. Light emitting properties of semiconductor materials are strongly 

influenced by these mechanisms. In a particular material where the count of non- 
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Figure 2.4: Recombination processes (a) Radiative, followed by emission of a photon (b) Non-radiative, energy is 
consumed in phonons [48]. 

 

radiative recombination are higher, lead to lower intensity of the emission spectrum 

indicating lower radiative recombination in the material. In radiative recombination, the 

electron-hole pair’s recombination is followed by emission of photon as shown in figure 

2.4. Non-radiative mechanism ensures no emission of photons rather the energy usually 

converts into vibrational energy of atoms or phonons. Usually it is desired, especially in 

LEDs to have low non-radiative recombination. Though there are methods to reduce 

non-radiative recombination but it is not possible to eliminate it totally from a 

semiconductor material. 

 

 

         Figure 2.5:  PL spectrum of ZnO nano-rods at room temperature [49]. 
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The optical transitions in a semiconductor can either be intrinsic or extrinsic. Intrinsic 

transitions deal with the transition from conduction to valence band, including excitonic 

effect due to coulomb interaction. Extrinsic transition are related to dopants and 

defects, they create discrete energy levels inside the band gap and hence influence 

optical properties. Different dopants bind the excitons with different energy states in 

the band gap. A photoluminescence spectrum usually contains two emission bands as 

shown in the figure 2.5, for the case of ZnO nano-rods at room temperature. These 

emission bands can be categorized as near band edge emission band (NBE) and deep 

level emission band (DLE). Near band edge emission is caused by either the free excitons 

or the excitons bound to the shallow level, donor acceptor pairs (DAP) etc., while DLE is 

caused by the carriers bound to the deep levels. A schematic of these entities is 

depicted in figure 2.6.         

2.4.1- Near Band-edge Emission 

The emission that takes place in ultraviolet region of spectrum, near the band 

edge excitonic emission, may contain the following important features either at low 

temperature or at room temperature. 

 

 

 

       

 Figure 2.6: Band diagram illustration of different processes that makes up the photoluminescence spectra [46]. 
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Free excitons 

As described above that the valence band of ZnO is a p-like state which due to 

the effect of crystal-field and spin orbit interaction splits into three bands. Therefore the 

near band gap emission and absorption can contain transition from these three states. 

So there can be three types of free excitons present in ZnO. It is worth to note that at 

room temperature all the transitions in this region are due to free exciton transition (no 

transitions due to exciton bound to impurities). However, at low temperature transition 

from this region mostly caused by the impurity bound exciton, though free exciton can 

also be there if the material is very pure.   

 

Bound Exciton 

Bound excitons are related to different dopants and causes discrete levels within 

the band gap and position of these energy levels depends upon the dopant material. It is 

also worth to know that exciton can be bound to neutral or ionized donor and acceptor  

 

Table 2.3: Free and bound exciton recombinations and related properties [23]. 
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Level, named accordingly as neutral donor/acceptor bound exciton or ionized 

donor/acceptor bound exciton. There are 11 excitonic recombinations that have been 

observed where the excitons are believed to be bound with neutral donors and 

acceptors [23], as shown in the table 2.3. All of these energy levels have not been 

chemically identified. 

 

Two electron satellites (TES) 

TES transitions are related to neutral donor bound excitons transitions, normally 

in the spectral region of 3.32–3.34 eV [13]. When an exciton bound to a neutral donor 

recombines with hole it leaves the donor in excited state, thereby transitional energy 

decreases to an amount equal to the difference of ground and 1st excited state of the 

donor. 

 

DAP and LO phonon replicas 

LO phonon replicas occur at energy separation of 71 to 73 meV in ZnO [51].  

Occurrence of 2nd and 3rd orders LO phonon replicas in PL spectrum of ZnO is also a 

possibility. Beside LO phonon replicas, the presence of Donor Acceptor pair emission 

along with its 1st, 2nd and 3rd LO phonon replicas has also been reported in bulk ZnO 

structures [52]. 

A low temperature luminescence spectrum from bulk ZnO is shown in figure 2.7, 

extending from band edge to the visible spectral range. The spectrum contains the 

common emission features of two emission bands. The near band edge excitonic (NBE) 

emission is usually centered at 370 nm at room temperature and dominated by bound 

excitons (BEs), bound either with neutral donor and/or acceptors, around a separation 

of approximately 70 meV, their respective 1st order LO phonon appears. In some 

samples transition from donor acceptor pair also appears at around 3.22 eV and also 

their 1st, 2nd and 3rd order phonon replicas occurs at multiple of 70 meV. 
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Figure 2.7: PL spectrum of bulk ZnO clearly showing excitonic, donor acceptor pair (DAP) and their corresponding 
LO phonons, deep level emissions are also visible [23]. 

 

2.4.2- Deep level emission        

The emission from deep level in ZnO, which covers a spectrum range from around 420 

to 700 nm in the visible range, is usually present in all samples irrespective of their 

growth techniques and growth conditions, also shown in the spectrum of figure 2.7. The 

deep level emissions are thought to be caused by some defects in the crystal structure 

such as oxygen and zinc vacancies (Vo and Vzn), oxygen and zinc interstitial (Oi and Zni) 

and some substitutional atoms like Cu. These defected levels are calculated and shown 

in figure 2.8. 

                                                                          

               Figure 2.8: Calculated defect energy levels in ZnO [49]. 
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2.4.3- Competing Non Radiative Recombination 

The non-radiative channel of recombination in any semiconductor material including 

ZnO can occur through three basic mechanisms, namely 

a) Deep level 

b) Auger recombination 

c) Surface recombination 

Figure 2.9, shows the recombination mechanism in a typical semiconductor. Especially 

when making LEDs it is desired to keep the non-radiative recombination as low as 

possible. However, it cannot be totally eliminated from a semiconductor material. Now, 

these recombination mechanisms will be briefly discussed one by one.                         

 
VIA DEEP LEVEL 
 

Trap level in a semiconductor are created near the middle of the band gap due 

to different kind of defects in the crystal structure. These defects are caused by 

impurities or dislocation or in compound material like ZnO, they are formed by 

interstitial, vacancies and antisites. However, defects due to interstitial or vacancies 

exhibit radiative recombination as well, as shown in above figure 2.8. The trap level (or 

deep level) traps one electron from conduction band and then hole from a valence band 

or vice versa to complete the recombination process without emission of photons. This 

condition is shown in figure 2.9.  

 

                    

Figure 2.9: Band diagram illustration of recombination processes (a) Non-radiative via deep levels (b) Non-radiative 
Auger recombination [48].           



18 | P a g e  
 

AUGER RECOMBINATION 
 

During the recombination process of an electron-hole pair the energy that is released is 

not emitted with a photon but, instead, transferred to a third particle. The energy is 

eventually transferred nonradiatively from the hot third carrier via phonon emission to 

the lattice, this radiation less recombination mechanism is known as Auger 

recombination, schematic of the process is shown in figure 2.9. However, this effect is 

only significant in the cases where the carrier density is very high. 

 
SURFACE RECOMBINATION 

On the surface of a semiconductor material or on interface of heterostructures 

due to sudden termination of periodic crystal structure, empty bonds or so called 

dangling bonds are created. Due to these dangling bonds energy level inside the 

forbidden region of energy are created which acts as a source for non-radiative 

recombination. This recombination is known as luminescence killer. Especially in 

Nanostructures where surface to volume ratio is quite large, it can be a big problem. 

2.5- Morphological diversities 

ZnO is a versatile functional material and behaves in a unique way by exhibiting 

both semiconducting and piezoelectric properties. Diversity in morphologies of ZnO is 

one of its most attractive features.  

2.5.1- Epitaxial Layers and Nanostructures 

Beside bulk and epilayers, ZnO has a large variety of Nanostructures. Each of 

these structures has their specific potential applications. For example Nanostructures 

can be used in applications related to nano-electronics and nano-mechanics. Also ZnO 

epilayers and single crystal have the ability to be implemented in opto-electronics such 

as making blue and ultra violet light emitting diodes and detectors. In the section below, 

few important Nanostructures like nano-rods and nano wires, nano-belts etc., and their 

potential application will be discussed.   
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Figure 2.10: Aligned nonorods/nano-wires, using Sn as a catalyst they were grown epitaxially on ZnO substate [25]. 

Nano-wires or nano-rods 

There are many techniques to grow nano-wires or rods of ZnO. These types of 

Nanostructures are most commonly prepared and have the diversity in their potential 

applications [25].  In the figure 2.10, nano-rods are shown that are grown on ZnO crystal 

using Sn as a catalyst. The growth of nano-rods is epitaxial and aligned because they 

tend to take the least mismatched orientation with the substrat.                                                     

Nano-belts 

Nano-belts are basically nano-wires which have a well defined geometrical shape 

and side faces. In figure 2.11, a TEM image of ZnO nano-belts is shown that features 

different morphologies from the nano-wires and nano-rods.  Each nano-belt has a 

uniform width throughout its whole length. 

        

              Figure 2.11: TEM image of as-grown ZnO nano-belts [24]. 
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Figure 2.12: SEM images of ZnO polyhedral crystal and shells (a) dispersive distribution on the substrate (b) along a 
nano-belt (c-e) drum shaped cages of truncated hexagon based shells [44]. 

Nano-cages 

Nano-cages are another type of ZnO Nanostructures some of them are shown in 

figure 2.12. They are polyhedral cages or shells. Shells exhibit mesoporous structure and 

they can be used for drug delivery [36]. 

 

 Nano-combs and nano-saws 

Comb like Nanostructures in ZnO have been prepared by using different 

techniques. ZnO like the other members of wurtzite family tend to grow in anisotropic 

shape. Figure 2.13, shows the SEM image of comb-like nano array of ZnO. 

 

                

Figure 2.13: SEM images of 'comb-like' cantilever arrays of ZnO [45]. 
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Figure 2.14: (a) Model of a polar nano-belt, polar surfaces induce the formation of (b)  nano-rings (c) nano-spirals 
and (d) nono-helix of ZnO [36]. 

Nano-spirals and nano-springs 

Figure 2.14(a), shows a polar surface-dominated nano-belt which can be 

approximated like a capacitor having oppositely charge plates. They tend to roll to make 

an enclosed ring in order to reduce their electrostatic energy, as shown in figure 2.14 

(b). A spiral shape can also be formed in this process as shown in figure 2.14 (c) [26]. A 

circular ring is formed [27] in order to minimize or neutralize the overall dipole moment 

that also reduces the electrostatic energy as shown in figure 2.14(d). The formed 

circular ring can be due to some influence by elastic energy forms the nano-spring. 

 

Beside the mentioned Nanostructures of ZnO many other Nanostructures have 

also been formed by using different techniques, these structures includes Seamless 

nano-rings, deformation free nano-helix, nano-helix of superlatticed nano-belts [36], 

nano-tubes [28-35], tetrapods [37], nano-ribbons [38] etc. 

2.5.2- Applications 

Like the great diversity of ZnO based structures, the range of potential 

application for ZnO based device is vast too. For example ZnO nano-belts are used to 

fabricate field effect transistors [39], piezoelectricity of polar nano-belts can be used to 

make mechanical resonators, controlling tip movement in scanning probe microscopy, 

sensors for vibration waves in air and under the sea [36], etc., nano-belts of very small 

size are used to observe quantum confinement effect, a 6 nm nano-belts have 14 nm 
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shift in the emission peak observed due to quantum confinement effect [40]. Nano-belts 

based ZnO diode is used as photo-conducting device, where carriers are generated by 

illumination of UV light [36]. Nano-cantilevers have been made by using nano-belts [41]. 

Nano-wires and nano-tubes can also be utilized in making cantilevers [42], ZnO 

nono-wire array is also applied in making of piezoelectric nano-generators [43].  Nano-

wires arrays also hold opportunities for making of flat panel displays, field emission 

sources, gas, chemical [3] and biological sensors, and as a UV light emitter and switches 

[3-6]. Epi-layers of ZnO have potential application in making blue and UV light emitter 

and detectors [7], piezoelectric [9], and spintronics [8] devices. 

Epitaxial ZnO structures also can be used to prepare semi-conducting 

transparent electrodes [11], which will be important for solar cells, gas sensors, displays 

and wavelength selective applications. In the table 2.4, a few major structural types of 

ZnO and their potential application is summarized. 

 

 
Table 2.4: Some of the major structure of ZnO and their applications.  
 

ZnO structures Applications 

Epitaxial layers 

1. Blue and UV light emitter and detectors [7]. 
2. Piezoelectric devices [9]. 

 
3. Spintronics devices [8]. 

 
4. Semi-conducting transparent electrodes [11] (to be 
used in solar cells, gas sensors, displays and wavelength 
selective applications.) 

 

Nano-wires 

1. Cantilevers [42]. 
 
2. Piezoelectric nano-generators [43].  
 
 3. Flat panel displays, field emission sources, gas, 
chemical [3] and biological sensors, UV light emitter and 
switches [3-6]. 
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Nano-belts 

1. Field effect transistors [39]. 
 
2. Piezoelectric resonators, controlling tip movement in 
scanning probe microscopy, sensors for vibration waves in 
air and under sea [36]. 
 
3. Quantum confinement effect [40].  
 
4. Photo Diodes, used as photo-conducting device, where 
carriers are generated by illumination of UV light [36]. 
 
 5. Nano-cantilevers have been made by using nano-belts 
[41]. 
 

Nano-tubes 
1. Making cantilevers [42]. 
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Ch#3- Growth and Characterization 

 

As we discussed in the first chapter, ZnO is the material with so much versatility 

in its morphological structure. ZnO can be prepared in bulk and epilayer as well as in a 

vast range of Nanostructures. The rich family of ZnO Nanostructure contains nano-

wires, nano-rods, nano-belts, nano-pencils, nano-cages, nano-rings etc.  

Samples, which studied in this project, can be divided in to two groups: 

1. One dimensional ZnO Nanostructures-ZnO 1D. 

2. Epitaxially grown ZnO Nanostructures on SiC.  

 Most of the samples were grown by using atmospheric pressure metal oxide 

chemical vapor deposition technique (APMOCVD), therefore this technique is discussed 

in detail. Part of the samples was grown by using chemical bath deposition (CBD) 

technique. For both the groups of material, substrate details, growth condition will be 

discussed separately.                           

3.1- Growth technique              

3.1.1- Setup Description 

Atmospheric Pressure Metal Organic Chemical Vapor Deposition or APMOCVD is 

regarded as the efficient and simple technique for preparation of ZnO Nanostructures. 

In this part the important component of APMOVCVD are discussed followed by the 

important parameter that needed to be control during growth process and its working 

mechanism with the schematic view of the setup is discussed in the end.  

A schematic of APMOCVD setup is shown in figure 3.1. A multi-zone oven is used 

to heat the reaction chamber through its walls. Reaction chamber, based on 

temperature gradient inside it can be divided in to three zones.  

1. Zone 1 with temperature T1 ranging from 150 °C to 180 °C. ZnO precursor is put 

in this zone and is vaporized during the growth. 
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Figure 3.1: A schematic view of APMOCVD setup. 

 

 
2. Zone 2 with temperature T2 ranging from 180 °C to 350 °C and it is a transition 

zone. 

3. Zone 3 with temperature T3 ranging from 350 °C to 500 °C. In this zone ZnO                

precursor decomposition and oxidation of Zn takes place. ZnO later deposited on 

the substrate. 

 
APMOCVD setup contains the following important part: 
 

a) A furnace which is able to control temperature from 20 °C to 1000 °C. 

b) A Quartz tube of diameter 56 mm and length 1500 mm, this chamber also called 

the reaction Chamber. 

c) An evaporator with temperature ranging from 125 to 350 °C.  

d) Substrate holder. 

e) Micro-flow-meters. 

f) Fine valves for flow control 

g) Lines for transportation of gases like Ar, N2, and O2.    

 

Parameters to be controlled in APMOCVD: 

a) Evaporator temperature, denoted as T1. 
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b) Deposition temperature, denoted as T3. 

c) O2 and N2 (Ar) flow. 

d) Ratio of O2/Zn. 

e) Precursor flow that determined the deposition speed. 

f) Position of substrate in the reaction chamber. 

g) Heating or cooling speed. 

3.1.2- Description of the Growth Process  

Substrate is heated in Ar environment up to a temperature which is desired for 

growth. When this temperature is reached, oxygen valve is opened and carrier gas 

mixes with the oxygen. Carrier gas goes through precursor and then mixes with O in the 

reaction chamber. Flow rate of the oxygen and the carrier gas can be controlled with the 

flow meter. In the evaporator, the zinc precursor is evaporated and the vapor then 

flows towards the reaction chamber. Zinc precursor vapor decomposes into atomic Zn 

and by- products. Flow of Zinc can be controlled by controlling the vaporizing 

temperature of the Zinc precursor. Both Zinc and Oxygen are chemically combined with 

each other to form ZnO. The ZnO that is formed is then deposited on the substrate 

which is placed perpendicular to the gas flow in the reaction chamber. Unconsumed 

gases are vented out from the chamber to provide a free flow of precursor and carrier 

gases. 

The precursor has a strong effect on the structural, optical and electrical 

properties of the material that is grown by using it. In vapor transport method of 

preparing ZnO structures, such as CVD, Zinc acetylacetonate (ZnAcAc)2 is considered to 

be a convenient precursor [54-55]. It is a solid state precursor having low sublimation 

temperature and high vapor pressure [56]. It is a single state precursor meaning that 

both zinc and oxygen specie is provided by this precursor. Pure and doped both kind of 

ZnO material can be prepared by using a mixture of  (ZnAcAc)2 with acetylacetonates  of 

other elements like Ga, In, Al, Mg, and Cd. (ZnAcAc)2 and the products obtained by its 
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decomposition are low toxic that makes it an environment friendly choice for ZnO 

growth [57].  

It was reported in 1960 that, (ZnAcAc)2 when heated at 1300C  yields gaseous 

acetylacetone (C5H8O2) as main decomposition product [58].  It was also suggested in a 

report that in high water vapor pressure environment the decomposition temperature 

can be lowered to 110 C for obtaining crystalline ZnO [59]. Growth of pure and Ga doped 

ZnO by PEMOCVD at low temperature of 250 C has also been reported [60, 61]. Now it is 

believed that the precursor decomposition is increased by using plasma discharge and 

also ZnO adatoms mobility is increased which resulted in high quality film formation at 

low temperature [62]. In this project, varying partial pressure of precursor was applied 

for the growth which resulted in ZnO structures of diverse morphological range, 

depending on substrate temperature. 

 

3.1.3- Substrates 

Due to self compensation effects in ZnO, preparation of P-type ZnO is believed to 

be a tough task, and as grown ZnO is found to be of n-type conductivity. Therefore, the 

trend is to use foreign substrate to work as p-type material hence forming heterepitaxial 

structures specially to be used for making ZnO based ultra violet LEDs.  

 However, it is necessary to use that substrate which have low lattice mismatch 

with ZnO in order to avoid the strain and possibility of dislocation in the growing 

structure. Thermal expansion coefficient is also an important factor to be considered 

before considering any material as a substrate for ZnO. There is possibility of using many 

substrates for ZnO growth; few of them are listen in the table 3.1 [46], with their lattice 

mismatch with ZnO and also thermal expansion coefficient. In this project, we used two 

types of substrate i.e. Si and SiC are used which have distinguished characteristic and 

advantages over the other substrate material. 

Si belongs to group IV in the periodic table and is regarded as the most important 

member of semiconductor family. It is widely employed for device fabrication and vast 
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range of its application is not easy to cover. Now a day, a trend is growing to use Si as a 

substrate. There are many reasons and advantages of Si as a substrate as compare to 

the other materials. First of all it is a very cheap material as compare to other single 

crystalline material such as MgO and sapphire. Commercial availability of large wafer of 

Si is another important advantage because then it can be cut to any size according to 

the requirement. It has higher thermal conductivity than other semiconductor materials 

like MgO or sapphire, so it is preferable to integrate semiconductor thin films with Si. Si 

can be regarded as the perfect one amongst rest of the semiconductors in term of 

crystal perfection. The lattice mismatch of Si with ZnO is however large, about 40.1%.  

SiC is an IV-IV semiconductor compound having a wide band gap, high thermal 

conductivity and high break down electric field. SiC has gained much popularity in 

recent years for use a substrate for ZnO material. The lattice constant of 6H-SiC along a 

and c axes are 3.08 Å and 15.117 Å respectively that gives a lattice and thermal 

mismatch of only +5% and +1% with ZnO respectively, which can be considered as quite 

small. Therefore SiC is ideal substrate for ZnO in terms of lattice and thermal match and 

gives better crystalline and optical quality as compare to other substrate. 

 

3.1.4- Substrates Cleaning 

Contaminants that exist on the substrate surface can be harmful for growth process 

and leave a negative effect on the properties of the grown material. Ttherefore, 

cleaning of the substrate through some reliable process is very necessary before putting 

the substrate in to the growth chamber.  

Substrate cleaning is a 3 step process which can be applied for the cleaning of almost all 

types of inorganic substrate material. The three steps that are involved are TCE or TRI 

cleaning, TL1 cleaning which is used for removing organic contaminants, and TL2 

cleaning for removing inorganic contaminants. 
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Table 3.1. Lattice parameter of prospective substrate for ZnO [46]. 

Material 
Crystal 

Structure 

Lattice 
Parameter 

a(Å) 
c(Å) 

Lattice 
mismatch (%) 

Thermal expansion 
coefficient 

α (K-1) 
αa(10-6) 
αc (10-6) 

ZnO 
 

Hexagonal 
3.252 
5.213 

…….. 
2.9 

4.75 

GaN 
 

Hexagonal 
3.189 
5.185 

1.8 
5.17 
4.55 

AlN 
 

Hexagonal 
3.112 
4.980 

4.5 
5.3 
4.2 

α -Al2O3 
 

Hexagonal 
4.757 

12.983 

(18.4% after 
30° in-plane 

Rotation) 

7.3 
8.1 

6H-SiC 
 

Hexagonal 
3.080 

15.117 
3.5 

4.2 
4.68 

Si 
 

Cubic 5.430 40.1 3.59 

ScAlMgO4 
 

Hexagonal 
3.246 

25.195 
0.09 ---- 

GaAs 
 

Cubic 5.652 42.4 6.0 

 

1. The TCE (TRI) Cleaning: 
 

a) The substrate is put in 100 ml of TCE and heated at 150 °C for 5 minutes. Then 

the TCI thrown to waste and ionized water is used to rinse the substrate and the 

rinsing process is repeated 10 times. 

b) The substrate is then put in 100 ml of acetones and heated at 150 °C for 5 

minutes. Then the acetone thrown to waste, and again rinsing of the substrate 

10 times by using ionized water is done. 

c) The substrate is put in 100 ml of ethanol and heated at 150 °C for 5 minutes. 

Then the ethanol thrown to waste, and rinsing with ionized water 10 times is 

done again. 

2. TL1 Cleaning: 
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a) In a mixture of 25ml of water, 5ml of NH3 and H2O2 (30%), substrate is put and 

heated at 85 °C for 5 minutes.  

b) TL1 to waste and substrate is rinsed by water 10 times. 

 
3. TL2 Cleaning: 

 
a) In a mixture of 30ml of water, 5ml of HCl (37%) and 5ml of H2O2 (30%), substrate 

is put and heated at 85 °C for 5 minutes.  

b) TL2 to waste, substrate is rinsed by water 10 times. 

Afterwards the substrate is dried by blowing nitrogen and put in tightly closed box. 

 

3.1.5- Samples Details 

Samples that were prepared and investigated in this project can be divided in to two 

groups: 

a) ZnO 1D Nanostructures grown on Silicon substrate. 

b) ZnO epitaxial Nanostructures grown on SiC substrate. 

 

1D Nanostructure 
 

First the Si substrate with a natural oxide layer was cleaned chemically to 

remove inorganic and organic contaminants then it was rinsed by de ionized water and 

finally dried by blowing nitrogen. 

APMOCVD technique was used to prepare the first sample; we call it sample 1 

from now onwards. A single source solid state precursor (ZnAcAc)2 was used as Zn and 

oxygen source. Substrate temperature was kept at 500 °C. A special growth approach 

called selective homoepitaxial growth [63] was applied. A thin polycrystalline film is 

formed followed by formation of nano-pillars that grow in the form of bunches as 

shown in figure 3.2(a). 
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Figure 3.2. SEM images of a) sample 1 grown by using APMOCVD b) sample 2 grown by using CBD technique. 

 

Second sample (sample 2) was grown by using Chemical Bath Deposition (CBD) 

technique. ZnO Nanostructures was grown using hexahydrate and ammonium 

hydroxide. The substrate temperature was kept at 80 °C and the pH level of the solution 

was used to control the growth process. The Nanostructures in sample 2 are of nano-

rod that are hexagonally faceted as shown in figure 3.2(b).  

 

Nanostructures on SiC 

 

Five different SiC substrates were used to grow epitaxial ZnO Nanostructures. SiC 

substrate had different miscut angles varying from 0 to 8 degree.  

APMOCVD technique was used for preparing the epitaxial Nanostructures of ZnO. 

The temperature of all the substrates was kept at 550 °C during deposition though 

deposition rate was slightly different for different samples. 

For all of the samples in which growth rate was kept higher, a polycrystalline film was 

obtained on the substrate which followed by secondary nucleation process.  

Substrates for which the deposition rate was kept lower, an epitaxial film was obtained 

and the grains seems to be tilted towards the substrate axis and film followed the step 

bunching of the substrate.   
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3.2- Characterization 

Characterization of the samples is the most important part in order to study the 

morphology, lattice structure, and optical properties of the sample. The samples that 

investigated in this project were studied by using two of the most important analytical 

techniques i.e. Scanning Electron Microscopy (SEM) and micro photoluminescence (μ-

PL). SEM was used to study the morphology of grown sample. Since the main focus of 

the thesis was to get the idea about optical properties of the grown sample, μ-PL 

technique was used for this purpose.  

3.2.1- Scanning Electron Microscopy 

SEM is an electron microscope which uses the high energy electron beam to 

image the sample. The electron beam moves on the sample surface in a raster pattern. 

The incident electron interacts with the atoms of the sample and some electrons are 

emitted from the sample due to this interaction process. These include secondary 

electron, back scattered electrons, transmitted electrons, and Auger electrons. These 

emitted electrons or signal contains interesting information about the sample, such as 

its surface topography, and composition. The SEM has large depth of focus, high 

resolution. Samples need to be conducting in order to be scanned in SEM. Non 

conductive samples can be made conductive by a thin coating with a metallic layer. 

These unique properties make SEM one of the most attractive techniques for material 

analysis.  

The schematic of incident beam interacting with the sample and phenomena 

occurring due to this interaction are shown in figure 3.3. The primary electron with high 

energy usually ranging from 1-30 KeV hit the material. The shape and size of the 

material’s volume, which is excited is determined by the primary electron energy and 

also the type of material. When the primary electrons interact with the atom of the 

material, it can undergo either elastic or inelastic collision.  
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The elastic collision: ensures no loss of energy and it takes place when incident 

electrons strike the nuclei and that comes out with simple backscattering process of the 

incident electron. They are used to create the surface topographical image.   

The inelastic collision: means that loss of energy takes place when primary electrons 

interact with the material atom and many processes can take place such as: 

 

a) Electrons in the outer shall are excited which results in the emission of 

secondary electron having low emission energy ranging from 1 to 50 eV. They 

are used to reproduce the contrast and surface pattern. 

b) Electrons in the core level are excited which results in Auger electrons and 

characteristics X-rays. They are usually used for qualitative and quantitative 

analysis of the elemental composition and its distribution in the sample and  

c) Primary electrons when entering the sample slows down and lose their energy 

and results in the emission of continuous x-ray pattern or brehmsstrahlung.  

d) Friction losses of energy take place due to phonon scattering. 

 

 

               
    

                  Figure 3.3: A schematic view of primary beam scattering and resulting phenomenon. 
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Due to all these inelastic processes taking place in the material, the primary electron 

loses its energy and slowed down. In the end it can be either absorbed or may be back 

scattered. 

                           

The working principle of SEM is shown in figure 3.4. A metallic filament is heated 

mounted on the top of microscope. A beam of electrons is generated by heated 

filament. The electron beam moves through the vertical column of the microscope 

where different electromagnetic lenses focus the beam and directs it                                            

towards the sample.  When the beam strikes the sample surface, secondary electrons 

comes out or back scattering takes place.  Detectors are mounted which collects these 

electrons and send them to scanner to generate a signal on the viewing screen that 

forms an image. The image obtained from SEM gives the morphology of the grain 

structure. The 2D picture allows seeing and measuring the length, diameter, shape and 

the density of ZnO Nanostructures. 

 

            
                                         Fig 3.4: A schematic view of SEM [65]. 
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The SEM that is used for the investigation of ZnO Nanostructures in this thesis 

was Leo 1550 Gemini SEM operated at voltages ranging from 10 to 20 kV and using a 

standard aperture value of 30 μm.  

3.2.2- Photoluminescence Spectroscopy 

Photoluminescence is a very powerful and non destructive technique mostly 

employed for investigation of semiconductor materials. The main idea is to excite the 

material using some kind of laser and measure the spontaneous emission of the sample 

by some detector. Few widely used lasers in PL setup includes He-Cd laser with 325nm, 

Nd:YAG pulsed laser having wavelength of 266 nm, Ar+ laser with wavelengths 316 

nm/514 nm/488 nm, tunable solid state lasers etc. The excitation in a material takes 

place when the material is excited with a photon of energy higher than its band gap 

energy. Photons are emitted when the material de-excites and relaxes back to its 

original state. The detected spectrum contains information of transition energies. The 

intensity of the spectrum shows the relative rate of radiative and non-radiative 

recombination. 

In the PL setup there is a possibility of varying the experimental parameters to 

obtain different information. Such as PL measurements can be done at very low 

temperature of around 4K. So temperature dependent measurement can be performed 

to extract valuable information of the band structure and its temperature dependence. 

Also there is a possibility of changing the power of excitation source. External 

perturbation such as electric, magnetic fields, and pressure can be applied to gain 

further information. Therefore, PL measurements can be regarded as very valuable and 

efficient tool in finding the optical information. Few of the most important information 

which can be obtained by PL measurements are listed below [66]. 

 

a) Band gap detection and engineering 

 

The transition of electron from the conduction band to the valence band along with 

the emission of a photon is the most important transition which gives the energy of 
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band gap. Accurate information of the band gap is necessary in order to know the 

optical properties and behavior of material. Materials are sometimes doped and/or 

strained so that their band gap can be altered as per requirement of the device. PL 

measurement is then set as ideal tool to get the accurate information about the change 

that occurred.  

 

b) Impurity levels and defect detection 

 

Some impurities always exist even in very pure semiconductor materials and their 

energy levels are different than the original material. Therefore, PL spectra also give 

some intensity pattern related to those impurities or defect levels and information 

about the type of impurities present in a semiconductor can be detected. Intensity of 

the defect level gives the average proportion of the impurity that resides inside the 

semiconductor.  

    

c) Recombination mechanisms  

 

      In the band gap not only defect levels but also surface levels are present, so the 

recombination that takes place can be radiative and also non-radiative. The intensity 

depends upon the temperature and excitation power. By analyzing 

power/temperature/time dependent behavior of the emission spectra, it is possible to 

understand the physics lying behind the recombination mechanism [49]. 

 

d) Material quality  

    As non-radiative recombination means the presence of defects which is harmful for 

device performance, so the PL measurements can provide a good idea of optical 

qualities of the material. 

 

In simple conventional Photoluminescence setup ordinary lenses are used to 

focus the laser beam on to the sample which results in laser spot which is not focused 

on any exact position, since the diameter of the spot in this case is relatively large, 
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about ~50μm. In some cases, it is desired that sample should be excited in a very small 

specified area that demands a system with very high resolution. A so called μ-PL setup is 

used for this purpose. It is quite similar to conventional PL but in addition to the typical 

setup an optical microscope is used to focus the laser spot down to a diameter of about 

~1.5 μm enabling high spatial precision.  

 

The Micro Photoluminescence setup’s most central components include a source 

for excitation, cryostat, microscope objective lens, monochromator, detector, and video 

camera. A schematic view of the setup is shown in figure 3.5. 

 

Excitation Source 

Excitation source is used to excite the part of material under study. Usually a laser 

source which can be either continuous wave (cw) or pulsed wave (pw) is used for this 

purpose. It provides a stable and monochromatic light. 

 

Microscope objective 

It is used to guide and focus the laser light on to the sample and also collects the 

light emitted by the sample. The collected light then with the help of beam splitters and 

mirrors guided towards the detector and spectrometer for making up the spectrum. 

 

Cryostat 

Most important part of the setup is the cryostat in which the sample is placed. 

The laser spot reach to the sample through a glass window. Cryostat can be moved by 

actuators to control the position of laser spot on the sample with a precision in micro 

meter range. The sample chamber is evacuated with the help of a turbo molecular 

pump backed by a rotary pump which is able to achieve a pressure of about ~ 10 -7 

mbar. Sample can be cooled down up to a temperature of 4 K through sample holder. 

The sample holder is connected with a heat exchanger from where liquid helium can be 

pumped inside through a vacuum isolated transfer tube.  
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Detection 

A charge coupled device (CCD) is used as detector which is a 2 dimensional 

matrix of 2000x800 pixels. Each pixel is made of a photodiode. When high energy 

photon hit the detector they will release the bound charges that are captured by 

nearest pixels. Gate electrodes are placed on detector front to separate the charges of 

adjacent pixels. The detector is exposed for a little time for photons and this exposure 

time is controlled by the shutter place in front of monochromator. Charges are then, 

shifted to a readout register by manipulating the voltage of gate electrodes. The weak 

signal that came to read out register is then amplified, digitized, and deposited to a 

computer memory. Liquid nitrogen is used to keep the temperature of detector low to 

avoid thermal noise. 

 

Monochromator 

The monochromator determines the wavelength that will reach to the detector.  

 

                    
Figure 3.5. A schematic view of Micro PL setup. 
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It has two flat focal fields with different focal lengths at its entrance and exit.  A 

computer controlled slit is mounted at the entrance part. One ruled and one blazed 

grating is provided inside. Both gratings are quadratic. 

 

Imaging of the sample 

Sometime it is desirable and very convenient if we can have a look that at which 

place of the sample the laser spot is placed. So an imaging of the sample is done by use 

of CCD chip of a video camera. An image is projected on the CCD chip which contains 

the sample regions containing the laser spot and sample surface and laser spot can be 

monitored on a viewing screen. A white light source is used to illuminate the sample 

through the microscope objective to make the surface clearly visible.  

 

In our study of ZnO Nanostructure through Micro Photoluminescence 

measurements, their emission was investigated from a very low temperature of 4 K up 

to the room temperature. A frequency doubled Nd:YVO 4 continuous wave laser was 

used as the excitation source, giving a wavelength of 266nm. 
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Ch#4- Results and Discussion 

4.1- Comparison of optical properties of 1D ZnO nano- 

structures 

4.1.1- Motivation 

It was discussed in the first chapter that ZnO can be prepared by many techniques 

and in many form such as bulk crystal, films and layers and also in one dimensional 

structures or Nanostructures. Out of these forms Nanostructures are considered as 

most promising for optoelectronics and photonics applications [67]. The most important 

benefits of Nanostructures include: 

a) In the case of heteroepitaxial growth, as compare to bulk and films, ZnO 

Nanostructures can provide strain relieve, and hence a material with good 

optical quality and reduced defect level emission.    

b) There is a possibility that ZnO Nanostructures exhibit quantum confinement 

effects, thus, enhancing the radiative recombination. 

c) Better light extraction efficiency is expected from a Nanostructure which 

increased surface area which will give less reflection at air/semiconductor 

interface. 

d) Photonic crystal effect is possible in carefully arranged periodic arrays of 

Nanostructures [68]. 

These clear advantages of ZnO Nanostructures over film and bulk structures, makes 

them more attractive and fascinating and has gained the significant interests in last 

decade.  

The emission of ZnO in ultra violet spectral region makes it a proper candidate for 

UV LEDs. However, making p-type ZnO is still a challenge that is making the realization 

of ZnO based LEDs a tougher task. Therefore, ZnO usually grown on different p-type 
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substrate whose lattice constant and thermal expansion co-efficient is very close to that 

of ZnO. 

4.1.2- Microstructure and Morphology 

The morphology of the ZnO nanostructures grown by APMOCVD and CBD is 

presented in figure 4.1. The APMOCVD nanostructures are in fact hierarchical structures 

and were formed via deposition of a thin polycrystalline ZnO layer on a Si surface; the 

growth of certain grains was favored via selective homoepitaxial growth [63], resulting 

in short vertical nano-rods (Figure 4.1(a)). Via subsequent growth at higher 

supersaturation the nano-rods evolved into sheaves of separate nano-wires of 

characteristic size around 30 – 45 nm in diameter and length 2 – 3 µm (Figure 4.1(b)).  

The ZnO nanostructures grown by CBD are of nanorod shape, vertically 

orientated and fairly uniformly distributed over the substrate surface. The 

nanostructures are hexagonally faceted, reflecting the ZnO crystal structure and have 

characteristic dimensions of ~ 300 nm in diameter and 1-2 µm in length. Interestingly, 

the nanostructures have tapered ends, which is typical for CBD growth from a basic  

 

Figure 4.1. The microstructure morphology of the ZnO nanostructures, grown by APMOCVD (a,b) and CBD (c,d). 
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solution [64]. The general explanation for the morphology of nanostructures, grown by 

both APMOCVD and CBD techniques stems from the difference in the surface free 

energies for the main crystallographic planes of hexagonal ZnO: G001=-2.8102 kJ/mol, 

G101=-2.1067 kJ/mol and G100=-2.0013 kJ/mol, respectively.  Due to this anisotropy, 

preferential growth on the plane of lowest energy occurs, providing the elongated ZnO 

structures along the c-axis [70].  

    4.1.3- Photoluminescence Properties 

In order to avoid possible effects caused by substrate contribution or 

nanostructure agglomeration, the micro-PL samples were prepared by separating the 

nanostructures from the as-grown samples and located individually on clean Si 

substrate. Thus, only one nanostructure was probed by micro-PL. The low temperature 

PL spectra of ZnO nanostructures along with the respective SEM images of the probed 

nanostructures, are presented in figure 4.2.  

At low temperatures the nanostructures grown by both techniques 

demonstrated only one intense peak of near band edge (NBE) excitonic emission, 

located in the UV region and negligible emission in the visible range (i.e. DLE). The 

APMOCVD ZnO nanorod has a dominant peak at 3.359 eV and very low DLE emission.  

      

 

Figure 4.2. Low temperature (8 K) PL spectra of individual ZnO nanostructures (nano-rods), grown by APMOCVD (a) 
and CBD (b), respectively. The inset images are SEM images of the respective nanostructures. 
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The peak position implies that the origin is neutral donor bound excitonic (D:X) 

emission: the position coincides with a line at 3.3593 eV, reported for Ga as a donor in 

ZnO with respective localization energy 16.1 meV [71]. The CBD sample revealed a sharp 

line at 3.363 eV, which is also ascribed D:X emission. The closest line reported is the so-

called I4 at 3.3628 eV. According to the literature data this line is due to H impurities in 

ZnO with a localization energy of 13.1 meV [71]. However, it is rather difficult to assign 

the peaks unambiguously, since the free excitonic emission lines (FX) at low 

temperatures were not observed.   

Every assigned peak should behave in a unique way, depending on the nature of 

the transition, upon an increase in temperature. Therefore the samples were subjected 

to temperature dependent PL measurements in the range 8 - 300 K (figure 4.3). A red-

shift of the peaks was observed for both samples. As earlier reported, the red-shift of 

the exciton peaks is due to a band gap decrease. It derives from both thermal expansion 

and exciton-phonon interaction. Thus, the observed difference in the energy peak shift 

for the two samples may be due to the difference in their size (see figure 4.1). This may 

change the interaction between bound excitons and phonons, which may affect the 

results.    

 

Figure 4.3. Temperature evolution of the PL spectra in the low temperature region (5.5 – 100 K) the CBD sample. 
The spectrum measured at the lowest temperature is at the bottom and the spectrum measured at the highest 
temperature at the top. 
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Another feature which has been observed for both samples, is the change of the 

dominant emission from donor bound to free excitonic with increasing temperature. 

The relative intensity of the peaks varies with temperature. A quenching of the intensity 

and a red-shift of the position of the D:X peak is obvious with the temperature increase. 

Moreover, at higher temperatures, a clear resolution of the D:X and FX peaks is possible 

despite spectral broadening. The D:X peak intensity decreases with temperature and 

finally disappears above ~160 K, being dominated by the growing FX emission. It was 

earlier reported that at low temperatures, the FX peak might be hidden due to 

dominant D:X recombination. In our case, evidence for the FX peak at low temperatures 

does exist, but it is barely distinguishable due to strong donor bound exciton emission.  

Finally, upon a further temperature increase, the FX emission becomes most dominant 

in the PL spectra up to room temperature. The explanation for the systematic change in 

the nature of the emission is that sufficient thermal energy is provided, which 

overwhelms the exciton binding energy  (14 meV) and the dissociation of the bound 

exciton complex (forming free excitons) occurs [23, 71]. The emergence of the FX at 

higher temperature is accompanied by the appearance of its longitudinal optical (LO) 

phonon replicas at lower energies in the spectra. 

                

Figure 4.4. The energy shift for the main PL peaks (D⁰X and FX) for APMOCVD and CBD grown nano-rods. 
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The peak positions versus temperature for both samples are compared in figure 4.4. The 

domination of the D:X emission at low temperature and its change to FX emission above 

150 K is evident for both samples.   

It was observed, that the ZnO nano-rods grown by CBD demonstrated negligible 

visible DLE emission at low temperature; however, it revealed a clear threshold for the 

dominance of DLE at 130 K (figure 4.5). As can be seen, the NBE excitonic emission was 

found to decrease monotonically with a temperature increase. Above 130 K a DLE signal 

starts to increase almost linearly in the spectral range 420 – 550 nm.  

It has to be mentioned that normal PL measurements of the CBD ZnO nanorod 

samples did not reveal such features, showing intense NBE emission and weak DLE. Also, 

nano-rods produced by CBD using hexamine instead of ammonium hydroxide (in the 

present work) have very weak DLE at room temperature, pointing towards 

stoichiometric changes resulting from different pH of the growth solution as a likely 

cause of the DLE observed for the present CBD samples [72]. It should also be 

emphasized that no DLE activation for the APMOCVD ZnO nano-rods was observed. This 

implies that the appearance of DLE depends on the synthesis technique. 

 

Figure 4.5. Temperature dependent PL spectra in the whole temperature range spectra (8 – 280 K) of the CBD ZnO 
nanorod, showing the appearance of DLE emission with temperature increase. The insert represents the 
dependence of integral DLE intensity on the temperature. 
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Figure 4.6. The room temperature PL spectra of ZnO nanostructures: a) ZnO nanostructures grown by APMOCVD 
possesses intense peak of NBE emission at 375 nm and negligible band of DLE emission (490 nm); b) CBD grown 
ZnO nanostructures reveal weak NBE emission at 380 nm, followed by intense multiple bands of DLE at 432 – 476 
nm. 

 A comparison of the room temperature PL spectra of ZnO nanostructures are 

shown on figure 4.6. It was found that the APMOCVD ZnO nanostructure demonstrates 

NBE emission at 375 nm (3.3 eV) accompanied by weak visible luminescence at 482 nm 

(2.57 eV). The ratio of the integrated PL of NBE peak (INBE) to DLE peak (IDLE) for this ZnO 

nanostructure was calculated to be around 12. In comparison the RT PL spectra of CBD 

ZnO demonstrates weak NBE at 380 nm (3.26 eV), followed by several overlapping 

peaks at 432 nm (2.85 eV,) 466 nm (2.67 eV) and 476 nm (2.6 eV).  The ratio INBE/IDLE for 

CBD ZnO at RT was ~ 0.08. However, it has to be noticed that the overall emission of this 

structure is high, providing strong visible luminescence in the range 375 – 550 nm. This 

may be interesting for the design of white LEDs. 

 

 

 

  



47 | P a g e  
 

4.2- Study of microstructures grown on SiC substrate 

4.2.1- Motivation 

In blue and UV light emitting diode ZnO is considered as most suitable element 

due to its direct wide band gap, larger exciton binding energy and low cost. However, 

due to a self compensation effect, as grown ZnO materials are almost always n-type and 

getting p-type ZnO is still a challenge. Therefore idea is to use some foreign p-type 

substrate and SiC is considered as an ideal choice due to its low lattice and thermal 

mismatch [73]. However, ZnO/6H-SiC based efficient LEDs have not been proven yet. It 

is believed that structural and interface defects are the causes to enhance defect 

emission which quenches the near band edge emission. Hence it is desired that hetero 

interface should be of high quality to avoid non- radiative recombination. Therefore we 

were aimed on obtaining some high quality nano-sized ZnO/SiC based heterojunction. 

 It is expected that decrease of the heterojunctions area will favor the LED 

performance. Thus, decreasing the size of the ZnO functional elements (nanosized p-n 

junction) can be a solution toward obtaining mono-emission spectra due to a better 

structural quality and improved stoichiometry. Moreover, the nanopillar structures may 

relieve strain and thus accommodate the large lattice mismatch at heterointerface, 

which can enhance the radiative recombination efficiency and thus the internal 

quantum efficiency of LED devices. Due to the large sidewall surface of nanopillars, light 

extraction efficiency can also be improved. In addition, the inclined threading 

dislocations may cease in the nanopillar’s side surface and decrease dislocation density, 

which can reduce the nonradiative recombination rate and thus improve the device 

performance significantly. 

The off axis-substrate provides conditions for step flow growth mode of SiC 

which typically results in step bunching yielding terraces with different width. We 

supposed that the steps on such surfaces would favor the nucleation process. So by 

varying the miscut angle of the SiC substrate we can get ZnO which will be of nanoscale 
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dimension whose lateral size will depend upon miscut angle providing diverse interface 

properties (such as, induced strain, defects concentrations and therefore light emission 

etc.  

4.2.2- Microstructure and Morphology 

The samples are named from A to E, with reference to the miscut angle of SiC 

substrate on which they are grown. Table 4.1 shows a summary of the names of the 

sample against the miscut angle of the substrate.   

Table 4.1: Names of the samples against the miscut angle of SiC substrate. 

Samples A B C D E 

Substrates 

miscut angle 
0⁰ (on axis) 1.4⁰ 2⁰ 3.5⁰ 8⁰ 

 

SEM images for sample A are shown in figure 4.7 a) and b) as cross-section and 

plane view respectively. It is evident that the ZnO film grown on on-axis SiC is 

polycrystalline with the average grain size of 30-50 nm and they are elongated crystals. 

Some grains grown bigger and take the shape of nano-rods as shown in the plane view. 

High growth rate results in secondary nucleation from these nano-rods and dendrite like 

structures are formed. 

                         

 

Figure 4.7. SEM image of sample A grown on on-axis SiC substrate. a) cross-section view, polycrystalline film is 
formed  b) plane view, grains are in shape of nano-rods from them secondary nucleation took place and gives a 
dendrite like structure. 
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Figure 1.8. SEM image of sample B grown on 1.4 degree miscut SiC substrate a) cross-section view, polycrystalline 
film is formed b) plane view, average grain size is 40-80 nm. 

 

SEM images for sample B are shown in figure 4.8 a) and b) as cross-section and 

plane view respectively. It is clear that the film is polycrystalline with average grain size 

of 40-80 nm. However, the grown ZnO film is more uniform than that of sample A.  

Secondary nucleation is also evident at some places as shown in the plane view. 

SEM images for sample C are shown in figure 4.9 a) and b) as cross-section and 

plane view respectively. Slightly lower growth rate resulted in the formation of 

polycrystalline film as evident from the cross-section view of the image. From the plane 

view of the film the average lateral grain size is estimated around 100 to 150 nm. 

 

  

 

Figure 4.9. SEM image of sample C grown on 2 degree miscut SiC substrate a) cross-section view, grown films are 
epitaxial b) plane view, average grains between 100-150 nm. 

Secondary nucleation 
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Figure 4.10. SEM image of sample D grown on 3.5 degree miscut SiC substrate, polycrystalline film formation a) 
cross-section view b) plane view,  white spot indicating the secondary nucleation. 

SEM images for sample D are shown in figure 4.10 a) and b) as cross-section and 

plane view respectively. The grown ZnO film is polycrystalline with grains having the 

average size of 30-70 nm. The grains looks like to be in the shape of nano-rods and 

secondary nucleation is evident from the plane view. Some nano-rods seem to be grown 

bigger than the rest. 

SEM images for sample E are shown in figure 4.11 a) and b) as cross-section and 

plane view respectively. The grown ZnO film is epitaxial with grains that are uniform and 

harder to be identified individually, yet they are seems to be tilted towards the 

substrate axis. From the plane view of the film it is apparent that the grown film 

followed the substrate step bunching. 

 

         

Figure 4.11. SEM image of sample E grown on 8 degree miscut SiC substrate a) cross-section view, epitaxial film 
formed b) plane view, showing the growth follow the substrate step bunching. 
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4.2.3- Low Temperature Photoluminescence Properties  

Figure 4.12 a), shows the PL spectrum at 15 K for Sample A, grown on on-axis 

substrate. The spectrum is dominated by a sharp asymmetric band centered at 3.358 

eV. It was fitted as a weighted sum of 5 components with three major peaks of higher 

intensity and two small peaks of comparatively lower intensity. The three major peaks 

are centered at 3.37 eV, 3.358 eV and 3.330 eV. On the lower energy side of the band, 

two weak peaks are centered at 3.300 eV and 3.288 eV. The peak at 3.370 eV is well 

matched with the free exciton (FX) peak of ZnO. With a localization energy of ~ 12 meV, 

the peak at 3.358 eV is well matched with the localization energy of H impurity reported 

earlier *23+ and therefore assigned to neutral donor bound exciton (D:X). This peak has 

a difference of ~ 70 meV with the peak at 3.288 eV, and hence it is designated as first 

LO-phonon replica of D:X peak as the earlier reports suggests the occurrence of LO 

phonon peak at a distance of ~ 72 meV [23]. Similarly peak at 3.300 eV is 1st longitudinal 

optical (LO) phonon replica of FX with a difference of ~ 70meV. Peak at 3.330 eV is 

designated as two electron satellite (TES) of donor bound exciton because of having a 

localization energy of nearly 34meV [23].  The peaks in the energy range 3.0 eV to 3.250 

eV believed to be due to the contribution from the substrate. 

Figure 4.12 b), shows the PL spectrum at 4.8 K for sample B, grown on a 

substrate with miscut angle of 1.4:. The spectrum is again dominated by a 

comparatively broader asymmetric band centered at 3.359 eV. The band is 

approximated as a weighted sum of 7 components. The stronger main peak is centered 

at 3.359 eV and identified as D:X peak and peaks at 3.288 eV and 3.218 eV have the 

distance of 70 and 140 meV respectively with the D:X indicates its 1st and 2nd order of 

LO-phonon replica. The peak at 3.372 eV is FX with its 1st and 2nd order LO-phonons 

present at 3.301 eV and 3.231 eV respectively. Peak at 3.332 eV is again identified as 

TES of donor bound exciton. 

In figure 4.12 c), PL spectrum at 4.1 K for sample C, grown on a substrate having 

miscut angle of 2:, is shown. The main sharp band in ultraviolet (UV) region is narrower 
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with having a FWHM significantly less than that of sample A and B. The main sharp band 

is centered at 3.360 eV. The main band is fitted as weighted sum of two components. 

The fitted peak at 3.374 eV is identified as FX peak and fitted peak of higher intensity at 

3.360 eV is D:X peak. At a distance of 70 and 140 meV both from FX and D:X, there are 

weak peaks which give the evidence of 1st and 2nd order LO-phonon replicas. Peak at 

3.331 eV is again identified as TES of donor bound exciton. 

Figure 4.12 d), shows the PL spectrum at 4 K for sample D which is grown on the 

substrate with miscut angle of 3.5:. The typical strong emission band in UV region is 

sharp and asymmetric with a FWHM close to that of sample A. The band is fitted as a 

weighted sum of 3 components. The peak of lower intensity at higher energy side 

centered about 3.372 eV is identified as FX and the peak of stronger intensity at 3.358 

eV is identified as D:X peak. Again at lower energy side of spectrum at a distance of ~ 70 

and 140 meV from FX and D:X, peaks of lower intensity are fitted indicating the 

presence of their respective 1st and 2nd order LO-phonons. Peak at 3.331 eV is again 

identified as TES of donor bound exciton. 

Figure 4.12 e), shows the PL spectrum at 4 K of sample E grown on a substrate 

with miscut angle of 8:. The typical main band of the spectrum is narrower having a 

FWHM slightly less than that of sample D. The main band is fitted with three 

components with peaks at 3.351 eV and 3.365 eV identified as D:X and FX respectively. 

The third peak 3.327 eV is identified as TES of donor bound exciton. At lower energy 

side of spectrum the peaks of LO-phonon are present. Peaks at 3.295 eV and 3.225 eV 

have a distance of ~ 70 and 140 meV from the FX peak and therefore, identified as 1st 

and 2nd order LO-phonon replicas. Similarly peaks at 3.281 eV and 3.211 eV have a 

distance of ~ 70 and 140 meV from D:X peak and hence recognized as 1st and 2nd order 

LO-phonon replicas of D:X. 

In table 4.2, all the peak position at low temperature spectrum is summarized for 

all of the samples. 
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Figure 4.12. Peak fitting in low temperature PL spectrum. Common features of neutral donor bound excitons, free 
excitons, TES and respective LO phonons are present, figure (a-e) from samples A-E respectively. 

 

 

Table 4.2: Energy peak positions for ZnO/SiC samples, obtained by fitting of low temperature PL spectrum. 

Samples 
Temp 

(K) 

FX 

 (eV) 
D⁰X  

(eV) 

TES 

(eV) 

1LO(FX) 

(eV) 

2LO(FX) 

(eV) 
1LO(D⁰X) 

(eV) 

2LO(D⁰X) 

(eV) 

A 15 3.370 3.358 3.330 3.300 - 3.288 - 

B 4.8 3.371 3.358 3.331 3.301 3.231 3.288 3.218 

C 4.1 3.374 3.360 3.331 3.302 3.230 3.293 3.221 

D 4 3.372 3.358 3.331 3.302 3.232 3.287 3.217 

E 4 3.365 3.351 3.327 3.295 3.225 3.281 3.211 
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4.2.4- Temperature Dependent Photoluminescence Properties  

Every assigned peak should behave in a unique way and this peak assignment 

should be verified by following that specific way. Therefore, in order to clarify the origin 

of the peaks temperature dependence PL measurements were performed from 4 K to 

room temperature (290 K). These measurements are shown in figure 4.13 (a-e) for 

samples A to E respectively. For each of the PL spectrum the dominant emission is from 

D:X peak at lower temperatures. However, a shoulder in high energy side of the main 

band is present even at low temperature which belongs to FX. The intensity of the peaks 

varies with increase in temperature and there is also red shifts observed in D:X and FX 

peaks for each of the sample. As earlier reported, the red-shift of the exciton peaks is 

due to a band gap decrease. It derives from both thermal expansion and exciton-

phonon interaction, which will be discussed later.  

It was noticed that with the increase of temperature the FX shoulder start to 

become more visible, and a bump distinctively appears at higher temperature especially 

in case of samples C, D and E. With further increase in temperature this FX content 

starts to become stronger as compared to D:X peak. Finally, at 80 K (for sample A and C) 

and at 100 K (for sample B, D and E), FX peak becomes the dominant emission peak. At 

about 160 K the D:X peak totally disappears and FX becomes the only source of 

emission until the room temperature. The reason of conversion of D:X peak into FX is 

that at higher temperature sufficient thermal energy is gained which is enough to break 

the binding energy of bound exciton which results in dissociation of bound exciton into 

free exciton [23]. 
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Figure 4.13. PL spectrum is plotted from a very low temperature of ~ 4K up to the room temperature, red-shift 
behavior of the excitonic feature, their intensity variations, and interplay of free and bound excitons can be 
spotted, figure (a-e) for samples (A-E) respectively. 

 

In order to observe the behavior of exciton emission clearly, FX and D:X peak 

positions of samples A to E are plotted against inverse of temperature in figure 4.14 (a-

e) respectively. For samples A and E the peak position for D:X is visible up to 80 K, 

beyond this temperature the D:X emission disappears gradually and FX emission 

becomes the dominant emission peak that remains dominant up to the room 

temperature. For samples B, D and E the D:X peak is dominant up to 100 K and beyond 

that FX becomes dominant and again the trend continues up to the room temperature. 

The red-shift in energy position for both FX and D:X peaks is clearly visible for each of 

the sample. 
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Figure 4.14. Energy peak position for neutral donor bound exciton (D⁰X) and free exciton (FX), is plotted against the 
temperature in the temperature range of around (4-100 K) for D⁰X and (4 K-290 K) for FX, excitonic behavior clearly 
shows a normal red-shift, figure (a-e) for sample (A-E) respectively. 

 

4.2.5- Red-shift and Thermal quenching behavior 

Variation in FX peak position with respect to change in temperature was plotted 

in observable temperature range for samples A to E as shown in figure 4.15 (a-e) 

respectively. The experimental data can be fitted using the Varshni formula [74],  

𝐸 (𝑇) =  𝐸(0)–𝛼𝑇2/(𝑇 + 𝛽) 
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Figure 4.15. PL peak energy positions for free excitons are plotted (small box) in the temperature range around 4-
290 K and fitted by using Varshni formula (solid line), figure (a-e) for samples (A-E) respectively. 

 

where E(0) is the exciton energy at T = 0 K, and α, β are fitting parameters where  β ≈ θD 

(Debye’s temperature). Table 4.3 summarizes the parameter of above equation 

extracted from temperature dependent PL spectrum of the samples. The obtained 
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results are in reasonable agreement with the reported values [75, 76] and do not 

indicate any major difference for the Debye’s temperature value ‘β’. However, variation 

in the value of α has been observed [77]. 

Band gap energy values at 0 K is also extracted by fitting for and some difference 

was found in these values for different samples (table 4.3). At present we cannot 

interpret this difference explicitly. However, as a possible reason we suggest that 

different microstructures have different level of strain that might give a shift of band 

gap energy at 0 K. Difference in the size of Nanostructure cannot be the main reason 

behind red-shift, since it is far from that regime where the quantum confinement effect 

can take place. 

Table 4.3: Parameters of Varshni equation obtained by fitting on experimental data. 

Samples A B C D E 

α (eV/K) .00191 .00203 .00109 .00085 .00137 

β ≈ θD (K) 1000 900 1000 1000 1000 

E(0) (eV) 3.375 3.37399 3.3754 3.372 3.3702 

 

 

The PL intensity exponentially decreases in the high temperature region. The 

reason behind thermal quenching of the intensity is the activation of non-radiative 

recombination channels. The thermally quenching behavior can be fitted by using 

following equation [78],   

I T =
I 0 

 1+Aexp  -
Ea

KbT  
 

Where Ea is the activation energy for the thermal quenching and Kb is the Boltzmann’s 

constant, I(0) is the emission intensity at 0 K, T is the thermodynamic temperature and A 

is a constant. 
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Figure 4.16. A plot of integrated PL intensity against inverse of temperature, D⁰X intensity is integrated and plotted 
in the temperature range of 4-100 K (filled boxes), and FX integrated intensity in the temperature range of 100-290 
K (filled circles), solid line is the fitted data.  

 

The figure 4.16 shows a plot of integrated intensities of D:X and FX with respect to the 

reciprocal of temperature for sample C as an example. The plots were fitted using the 

above equation. Variation in D:X integrated intensity is plotted in the range of 4-80 K 

and value of Ea is found to be 9.51 meV which is in agreement with the exciton to defect 

localization energy of 9 meV [79]. 

In the range of 100 K to the room temperature (290 K), the experimental data for 

integrated intensity of FX was fitted again using the above equation and the activation 

energy was found to be 54.52 meV which is closed to the exciton binding energy of 60 

meV reported earlier for ZnO film [80]. This result proves that the dominant emission is 

from radiative recombination of free excitons.  
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Conclusions  

The luminescence features of ZnO nanostructures, prepared by APMOCVD and CBD on 

Si and SiC substrates, have been investigated. The temperature dependent 

photoluminescence study was carried out on individual ZnO Nanostructures prepared 

by CBD and APMOCVD techniques. The photoluminescence properties of ZnO films and 

Nanostructures prepared by APMOCVD on SiC substrates of different off-cut angles, 

have been studied additionally. It was observed that the low temperature PL spectra of 

individual Nanostructures are dominated by neutral donor bound exciton emission. The 

visible defect emission at low temperatures is negligible for both samples. Upon a 

temperature increase similar red energy shifts of the main peaks was observed, but 

different temperature dynamics were measured for the two samples. This may be due 

to differences in size of the probed nano-rods and therefore enhanced exciton-phonon 

interaction contributions. The donor bound exciton emission, dominating at low 

temperatures, tends to be replaced by free excitonic emission in the temperature range 

60 – 140 K. The free excitonic emission is observed above 140 K and up to room 

temperature, for both samples. The CBD ZnO sample revealed the activation of defect 

luminescence above 130 K. The DLE peak at room temperature consisted of several 

overlapping peaks, located at 420 – 525 nm. The studied features of the individual nano-

rods are important in terms of their further application as building blocks for 

optoelectronics.  

 Low temperature PL spectrum for all the ZnO/SiC samples was dominated by 

neutral donor bound excitons. With the increase in temperature a red-shift of the 

excitonic features was observed for all the samples. For all the samples interplay of free 

and bound exciton was observed in the temperature range of 60 - 160 K. At 160 K the 

neutron bound exciton disappeared totally and NBE emission source was only free 

excitons. Debye temperatures and band gap energy values at 0 K was extracted by 

applying Varshni empirical formula on the red-shift behavior. The values for Debye 

temperature was found to be in well agreement with earlier reported values. However, 
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for the band gap value at 0 K, variation observed for different samples. It is suggested 

that this variation is because of different microstructures (result of different substrate 

off-cut) contains different level of strains which gives a different value of band gap 

energy at 0 K. Thermal quenching behavior of the free and neutral donor bound exciton 

was also checked by fitting the typical thermal quenching behavior formula, and the 

values of activation energy was extracted. Activation energy for neutral donor bound 

exciton was found to be about 9 meV which is the exciton to hydrogen defect 

localization energy. For free exciton, the activation energy value was found to be ~ 54 

meV, which is close to exciton binding energy of ZnO at room temperature which 

confirms that the radiative recombination is due to the recombination of free excitons. 

The data obtained provides new information concerning study of ZnO 

photoluminescence properties. 
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