
 

 

ABSTRACT 

PANT, PUNAM. Thin Film Epitaxy, Defects and Interfaces in GaN/Sapphire and 

ZnO/Sapphire Heterostructures (Polar and Non-polar) for Light Emitting Diodes. ( Under 

the direction of Prof. Jagdish Narayan.) 

 

There are three sources of strain in heteroepitaxial growth, lattice misfit; thermal misfit; 

and growth related defects.  The primary aim of the present work was to do a fundamental 

study of strain and mechanisms for strain relaxation in epitaxial growth of polar-GaN and 

polar and nonpolar-ZnO thin films grown on sapphire substrates. We have shown that 

through the paradigm of domain matching epitaxy (DME) these large lattice misfit 

systems can be grown in a fully relaxed state at the growth temeperature. As a result we 

need to deal with thermal and defect strains only. Growth of GaN and ZnO films on 

sapphire is characterized by structural inhomogenities which are caused by impurities, 

variation in composition or strain. Depending on crystal structure and growth orientation 

of epitaxial layers, the presence of strain in epilayers can induce various phenomena 

which can affect device properties. The inhomogenities due to strain have been favorably 

used to increase efficiency of solid state light devices based on GaN and ZnO. An 

understanding of the epitaxial growth mode and strain generation and relaxation 

processes in these systems is imperative to constructively exploit strain inhomogenities. 

Working towards this end, my research work focused on a fundamental study of epitaxial 

growth and strain relaxation mechanisms in heteroepitaxy of GaN and ZnO and was 

conducted in the following three parts. 

 

 

 



 

 

Epitaxial Nucleation Layer (NL) for GaN based LEDs This work addressed the 

formation of nanostructured GaN NL which is necessary to obtain smooth surface 

morphology and reduce defects in h-GaN layers for LEDs and lasers. From 

detailed X-ray and HR-TEM studies, it was determined that NL consists of 

nanostructured grains which were found to be faulted cubic GaN (c-GaN) with a 

small fraction of unfaulted c-GaN. From X-ray scans and modeling, we 

determined c-GaN fraction to be over 63% and rest h-GaN.  From HRXRD and 

Raman spectroscopy it was determined that the NL contained in-plane tensile 

strain, presumably arising from defects due to island coalescence during Volmer-

Weber growth.  

 

Two-step growth of Polar ZnO to achieve two-dimensional growth for device  

layers In this work, the nucleation layer template was grown at a low temperature 

(230–290 degC) to induce a two-dimensional growth, followed by growth at a 

moderate temperature ∼430 degC to form high-quality smooth ZnO layers for 

device structures. The calculation of c and a lattice parameters by HRXRD for the 

NLs and the epilayers grown on NL showed that with increase in growth 

temperature c converged towards relaxed values whereas the a values remained 

strained.  The decoupling observed between a and c lattice parameters of the films 

has been explained by the controlled kinetics of the growth process and the 

difficulty of dislocation nucleation.  

 

 

 



 

 

Epitaxial Growth of Nonpolar ZnO Thin Films Spontaneous and piezoelectric 

polarization in ZnO grown along c-axis reduces the efficiency of LEDs. To 

overcome polarization effects, epitaxy, structure-property correlation and strain 

relaxation mechanism of nonpolar a-plane(11-20) ZnO grown on r-plane(1-102) 

sapphire by PLD were studied. The lattice misfit in the plane of film for this 

orientation varies from -1.5% in [0001]ZnO to -18.3% in [-1100]ZnO direction. 

Based on anisotropic strain relaxation observed along the in-plane [-1100] and 

[0001]ZnO stress directions and HRTEM investigations of the interface, it is 

inferred that plastic relaxation occurring in small misfit direction [0001]ZnO by 

dislocation nucleation is incomplete. This is consistent with DME concept of a 

complete strain relaxation for large misfits and a difficulty in relaxing film strain 

for small misfits.    
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Chapter 1       Introduction 

 In recent years, solid-state lighting (SSL) has emerged as a viable and attractive 

alternative to traditional incandescent and fluorescent lighting due to its significant 

impact on issues of prime concern such as energy consumption, and environment 

friendliness. Light emitting diodes(LEDs) and laser diodes(LDs) are the mainstays of 

SSL. Though red and yellow LEDs have been around since 1962[1,2,3]  the development 

of LEDs operating in the green to ultraviolet (UV) range [4,5,6,7,8,9,10] paved the way 

for reliable and energy efficient solid state white light source. Some of the approaches 

used to generate white light from LEDs are: combining a blue LED with yellow 

phosphors; an ultraviolet LED with blue and yellow phosphors and a device that 

combines red, green and blue LEDs[11]. The short-wavelength ultraviolet, violet or blue 

LED which is crucial for white light generation is based on GaN and ZnO 

heterostructures. 

 Efficient light emission in LEDs is based on photon emission due to radiative 

recombination of electron-hole pairs across a direct bandgap Eg, semiconductor. The 

emission wavelength of the LED is determined by the bandgap of the semiconductor. In 

its most simple form an LED consists of an n-type and a p-type semiconductor material 

sandwiched back-to-back thus forming a p-n junction with a characteristic Eg. A forward 

bias across the p-n junction results in electron–hole recombinations at the junction with 

emission of light of energy h =Eg. The light-emission efficiency of LEDs is enhanced by 

improving electronic carrier confinement. This is done by growing heterostructures 

shown in figure 1. The heterostructures consist typically of a first layer of an n-type 
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Figure 1 Illustration of a typical device structure for GaN based light-emitting 

diodes 

 

materials followed by multiple alternating thin layers (1–30 nm) of material with a 

smaller bandgap, also called quantum wells (QWs). The sandwiching of a smaller- 

bandgap material between layers of larger-bandgap material creates a well that spatially  

traps electrons and holes, allowing them to recombine efficiently, generating light with 

the wavelength of the smaller-bandgap material. Above this „active layer‟, there is a layer 

of p-type material with a high concentration of holes. 

 An eternal challenge for GaN and ZnO based heterostructures is the absence of 

suitable substrates for the growth of GaN and ZnO thin films. The most commonly used 

substrates are sapphire and 6H-SiC for GaN and sapphire for ZnO based LEDs. For c-

plane oriented growth, GaN has a lattice misfit of ~3.5% with 6H-SiC and ~16.1% with 

sapphire; and ZnO has a lattice misfit of ~5% with 6H-SiC and ~15.44% with sapphire. 

Though GaN has been grown on 6H-SiC to fabricate LEDs, the small misfit between 

GaN and SiC is much harder to relax because of the barrier to nucleation and propagation  
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for dislocations in GaN. A similar situation exists for GaN growth on an AlN substrate. 

On the other hand in large misfit systems, the misfit can be accommodated by the 

paradigm of domain matching epitaxy(DME)[12], where integral number of lattice planes 

match across the film substrate interface. The planar matching across the interface gives a 

critical thickness which is less than a monolayer for large misfit systems. As a result the 

films can be grown lattice relaxed from the beginning. Thus, in large misfit systems the 

films can be grown strain free except for the differential thermal strain which is inherent 

to the growth temperature and the defect strain which is a function of the growth ambient. 

The growth of relaxed films with reduced threading dislocations for large lattice misfit 

systems makes the large lattice misfit c-plane sapphire the favored substrate over the 

small lattice misfit 6H-SiC substrate for heteroepitaxial growth of GaN and ZnO. The 

focus of this thesis is on the growth of III-nitrides and II-oxides on c- and r-sapphire 

where there is a large misfit. The strain in thin films and structural imperfections 

incorporated during growth are known to affect the optical and electrical properties of 

semiconductor materials. Most of the GaN and ZnO heterostructures for LEDs are grown 

in the [0001] (c-axis) direction of the wurtzite phase. Growth along the c-axis in wurtzite 

materials is characterized by the presence of strong spontaneous and piezoelectric 

polarization within the heterostructures which induces an internal electric field[13,14,15]. 

This field pulls apart the electron and holes so that they are spatially separated within the 

QW. As a result there is a reduction in the recombination rate and light emission. The 

presence of the internal field also leads to a shift in the emission wavelength with the 

drive current. The wavelength shift can limit device applications especially when 

wavelength precision is crucial, e.g in white light generation. Because of the polar nature  
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of the c-axis in wurtzite structures, growth along any direction orthogonal to the [0001] 

direction will not have any spontaneous polarization[15] and it will not have piezoelectric 

polarization if shear stresses in the growth plane are absent. Thus to alleviate the effects  

of spontaneous and piezoelectric polarization, research in recent years has focused on 

growth of GaN and ZnO thin films on nonpolar or semipolar crystal orientations [16].   

 The critical challenge for high-efficiency LEDs pertains to heteroepitaxy of GaN 

and ZnO. For polar growth of these material systems on sapphire one has to deal with 

large isotropic inplane misfits. For growth of nonpolar orientations, like a-plane ZnO on 

r-plane sapphire, the misfit along the two principal in-plane directions varies greatly from 

-1.5% to -18.3%. Thin film epitaxy across the misfit scale can be addressed by the 

paradigm of domain matching epitaxy, where integral multiples of lattice planes match 

across the film substrate interface[12]. For large misit(>7%) the critical thickness is about 

a monolayer, therefore misfit dislocations can be nucleated at the surface steps, whose 

number density is quite high during initial stages of growth and thus the film can grow 

strain free. The management of stresses and strains is critical since unrelaxed strains will 

lead to a generation of undesirable electric fields through peizolectric fields. The presence 

of strain also gives rise to surface undulations which minimizes surface smoothness of 

films. The growth of epitaxial smooth films on foreign substrates is a requisite for 

practical device structures. Developments in epitaxy[17] have shown that in large misfit 

systems, it is possible to grow smooth epitaxial  films by depositing low-temperature(LT) 

nucleation layers (NLs). Though not of high structural quality the nucleation layer allows 

for continuous coverage of the substrate and overcomes the wetting obstacles related to 

surface energetics and interface energies. Studies have shown that for misfits > 4%  
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growth at low temperatures promotes two-dimensional growth and hence smoother 

films[17,18]. This growth pattern is confirmed by ZnO, whereas GaN shows a 3-

dimensional growth at low-temperatures though the film surface is fairly smooth 

suggesting a pseudo two dimensional growth.   

 Considering the significance of technological and ecological impact that SSL can 

bring about, the advancement of LEDs has been phenomenal. However, the focus of 

research has mainly been on device operation, leaving a lot of scope for a fundamental 

understanding of the growth processes and materials microstructure of GaN and ZnO 

heterostructures. Depending on the crystal structure and growth orientation of the 

epitaxial layers, the presence of strain in the epilayers can induce various phenomena 

which can affect device properties. For device applications it is necessary that these 

phenomena be evaluated, understood and predicted as much as possible. The 

inhomogenities due to strain have been favorably used to increase the efficiency of solid 

state light devices based on GaN and ZnO. A fundamental understanding of the epitaxial 

growth mode and strain generation and relaxation processes in these systems is 

imperative to constructively exploit the strain inhomogenities. Working towards this end, 

my research work focused on the details of epitaxial growth and strain relaxation 

mechanisms in heteroepitaxy of GaN and ZnO . 

 The rest of the dissertation is organized as follows: 

 Chapter 2: This chapter presents the background knowledge relevant to thin film 

epitaxy, relaxation of stresses/strains, and role of defects and interfaces in epitaxial 

growth. 

 Chapter 3: This chapter outlines the experimental techniques used in this study. 
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 Chapter 4 outlines the sequence of experiments for my thesis research. 

 Chapter 5: This chapter presents results on the microstructure of GaN nucleation 

layer (NL) grown on c-plane sapphire. Detailed X-ray characterization of the nucleation 

layer was done to study the epitaxial relationship, microstructure and determine the strain 

state of the NL. The microstructure analysis of the NL by x-ray was compared with high-

resolution TEM study of the nucleation layer. 

 Chapter 6: This chapter presents results of Raman spectroscopic study on GaN 

nucleation layers and on h-GaN films grown on NLs. Intensive characterization of GaN 

nucleation layers of varying thicknesses was done to study the microstructural evolution 

and the strain state of the nucleation layer. The results were compared with those of h-

GaN films grown on nucleation layer.  

 Chapter 7: In this chapter the two-step growth of ZnO films was investigated. In 

this work, the first layer-the buffer layer (nucleation layer template) was grown at a low 

temperature (230-290 C) to induce a smooth (two-dimensional) growth and was followed 

by growth at a moderate temperature~430 C to form high-quality smooth ZnO layers for 

device structures. The films were characterized for their surface smoothness and the strain 

state of the films was analyzed as a function of the lattice misfit strain, thermal misfit 

strain and defect strain.  

 Chapter 8: This chapter presents results of the heteroepitaxial growth and 

structure-property correlation of non-polar a-plane (11-20) ZnO films grown on r-plane 

(10-12) sapphire substrates in the temperature range 200-700 C by pulsed laser 

deposition.  

 Chapter 9: In this chapter the strain relaxation mechanisms for nonpolar (11-20) a- 
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plane ZnO epitaxy on (1-102) r-plane sapphire were studied, where the in-plane misfit 

ranges from -1.5% for [0001]ZnO//[1-10-1]sap to -18.3% for [-1100]ZnO//[-1-120]sap  

direction. It was found that for the large misfit [-1100]ZnO direction the misfit strains are 

 fully relaxed at the growth temperature, and only  thermal misfit and defect strains, 

which cannot be relaxed fully by slip dislocations remain on cooling. For the small misfit 

direction, lattice misfit is not fully relaxed at the growth temperature, and as a result, 

additive unrelaxed lattice and thermal misfit and defect strains contribute to the measured 

strain. 
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Chapter2                 Background Knowledge 

2.1            Epitaxy and Strain Relaxation 

2.1.1 Epitaxy Theory 

 Since Royer [1] the regular oriented growth of a crystalline material A (film) onto 

a single crystal surface B (substrate) has been referred to as epitaxy [2,3,4]. For epitaxial 

growth two lattice planes of A and B and at least two lattice rows come in contact. The 

specific orientation relationship between the epilayer or the film and the substrate is 

mainly governed by the crystal systems and the lattice parameters. When both the film 

and the substrate are of the same material it is referred to as homoepitaxy. When the film 

and the substrate are composed of different materials it is referred to as heteroepitaxy.  

The concept of matching of lattice parameters between the film and the substrate is an 

important aspect of epitaxy.  In homoepitaxy, since both the film and the substrate have 

the same lattice parameters, there is no straining of bonds at the film-substrate interface. 

In heteroepitaxy, depending upon the lattice parameter mismatch between the film and 

the substrate the interface can be relaxed or strained as shown in figure 2.1. If the lattice 

parameters are almost the same or the lattice mismatch is very small, then the interface is 

expected to be the same as that for homoepitaxy. However, the interface structure can be 

influenced by other factors such as differences in the film and substrate chemistry and the 

coefficient of thermal expansion. If the differences in the lattice parameters are large the 

film growth on the substrate can be described as strained-heteroepitaxy  or as relaxed-

heteroepitaxy. In most cases strained-heteroepitaxy occurs when the lattice misfits are < 

7% and the film and the substrate have the same crystal structure. The atoms in the film  
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Figure 2.1 Schematic illustration of (a) lattice-matched heteroepitaxy (b) coherently 

strained lattice-matched heteroepitaxy (c) relaxed lattice-mismatched heteroepitaxy[3]. 

 

are elastically strained to have the same interatomic spacing as the substrate which gives a 

„pseudomorphic‟ growth and a coherent interface. With increasing film thickness, the  

strain energy in the initially coherent film increases. At a certain critical film thickness 

[4,5,6,7] the total elastic strain energy of the coherent structure exceeds that of a relaxed  

film and consequently the strained film decomposes into the relaxed film structure by 

generation/formation of misfit dislocations. The misfit dislocations lie in planes parallel 

to the interface. Relaxed heteroepitaxy is observed in heterostructures with misfit > 7%. 

The strain in the film is so large that it is relieved within a few monolayers by generation 

of misfit dislocations near the film-substrate interface[8]. As a result the heteroepitaxial 

film structure is relaxed from the initial stages of growth. The epitaxial growth in large 

misfit systems is achieved by formation of domains when ndf = (n 1)ds where df and ds 

are the film and the substrate planar spacing, respectively, and n is an integer [8]. This is 

significant for the DME paradigm as the lattice relaxation occurs by generation of 

dislocations which represent missing or extra half planes. The coherency between the film  
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and the substrate is preserved within the domain, while there is a cross-grid of misfit 

dislocations separating the domains. The concept of domain epitaxial growth in very 

high-mismatched systems is discussed in detail in section 2.1.4. The issue of lattice 

relaxation in thin film heterostructures was for the first time described on a 

thermodynamic basis in terms of equilibrium conditions, where the generation of misfit 

dislocations for lattice relaxation was energetically driven[4,5]. This concept was later 

developed into a kinetic driven approach to take into account the nucleation and 

propagation kinetics of misfit dislocations[6]. The consideration of the dislocation 

kinetics led to the concept of domain matching epitaxy (DME), which is based on 

matching of integral number of lattice planes across the film substrate interface and has 

been used to explain epitaxial growth across the misfit scale[8]. 

  

2.1.2 Nucleation and Growth Modes 

 Epitaxial growth of film involves nucleation of clusters of the deposited material 

and their coalescence. The growth of stable clusters and their coalescence leads to 

formation of continuous films. The mode of nucleation and initial growth of epitaxial 

films is strongly determined by the bonding between the film and the substrate and the 

lattice mismatch. Use of the liquid drop model for nucleation and consideration of the 

surface energies and the interface energies gives a simplified approach to describe initial 

stages of film growth. 

 During the initial stages of film growth the atoms adsorbed on the substrate 

surface diffuse and interact to form polyatomic clusters. Some clusters grow sufficiently  
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to form stable nuclei. The larger the size of the cluster, the lower is the nucleation rate. It 

has been experimentally observed that critical clusters contain only a few atoms. A 

thermodynamic understanding of the nucleation process can be gained by considering the 

homogeneous nucleation of a spherical solid phase of radius r from a prior supersaturated 

vapor[2]. For a condensation reaction, vapor (v)  solid (s), the change in the chemical 

free energy per unit volume Gv is given by,  

  Gv=(kT/ )ln(Ps/Pv)=- (kT/ )ln(Pv/Ps)    (2.1) 

for Pv > Ps, Gv is negative implying an energy reduction and nucleation. In equation 

(2.1), Ps is the vaor pressure above the solid, Pv is the pressure of the supersaturated 

vapor, and  is the atomic volume. The gas-to-solid transformation results in a reduction 

of the chemical free energy of the system by (4/3) r
3

Gv. Nucleation is accompanied by 

the formation of new surfaces and interfaces, resulting in an increase in the surface 

energy of the system by 4 r
2

, where  is the surface energy per unit area. The total free 

energy change in formation of the nucleus is given by, 

 G = (4/3) r
3

Gv + 4 r
2

      (2.2) 

The equilibrium size of the nucleus or the critical size r* is obtained by minimization of 

G with respect to r and is given by,  

 r* = -2  / Gv        (2.3) 

At the critical size, the critical free energy change G * is given by,  

 G *= 16
3
/ 3)  ( Gv)

2
      (2.4)  

A plot of G as a function of the nucleus size in figure 2.2 shows that G * is the barrier  

to nucleation. A cluster of atoms with radius less than r* will be unstable and will shrink  
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Figure 2.2  Free-energy change ( G) as a function of stable nucleus (r > r*) size. r* 

is the critical nucleus size and G* is the critical free-energy barrier for nucleation. 

 

by losing atoms, whereas a cluster of atoms with radius greater than r * will overcome the 

nucleation energy barrier and be stable. The cluster continues to grow larger while 

lowering the energy of the system. The nucleation rate N is proportional to the product of 

three terms,  

 N = N*A*  (nuclei/cm
2
-sec)      (2.5) 

where, N* is the equlibrium concentration (per cm
2
) of stable nuclei,  is the rate at 

which the atoms impinge (per cm
2
-sec) onto the nuclei of critical area A* and      N* =  

nse
-( G* / kT)

, ns being the density of all possible nucleation sites.  

 In the case of heterogeneous nucleation, it is assumed that the atoms or molecules 

of the film in the vapor phase impinge on the substrate, creating aggregates which either 

grow in size or disintegrate into smaller entities through dissociation processes. The free 

energy change on formation of an aggregate of mean dimension r as shown in figure 2.3 

is given by the expression, 

 G = a3r
3

Gv + a1r
2

vf + a2r
2

fs – a2r
2

sv    (2.6)        
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For the vapor to solid reaction the free energy change Gv is negative.  is the interfacial 

tension and the subscripts f, s and v represent film, substrate and vapor respectively. For 

the hemispherical nucleus shown in figure 2.3, a1r
2
 is the curved surface area, a2r

2
 is the 

projected circular area on the substrate, a3r
3
 is the volume and a1, a2 and a3 are geometric 

constants. Considering mechanical equilibrium among the interfacial tensions gives the 

equation, 

         

 Figure 2.3 Schematic of basic atomistic processes on substrate surface during vapor 

deposition. 

 

sv = fs + vf cos        (2.7) 

where   is the contact angle and depends only on the surface properties of the film and 

the substrate. When a new interface appears there is an increase in surface energy which  

explains the positive sign for the surface energy terms in equation (2.7). Loss of the 

substrate-vapor interface under the drop implies a reduction in system energy and a 

negative contribution to G. The critical nucleus size r* for heterogeneous nucleation is 
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given by (value of r when d G/dr = 0):  

 r* = -2(a1 vf + a2 fs – a2 sv)/3a3 Gv     (2.8) 

The corresponding value of G is,  

 G* = 4 (a1 vf + a2 fs – a2 sv)
3
/27a3

2
Gv

2
       

         = (16 vf
3
/3 Gv

2
)((2-3cos  +cos

3
)/4 )    (2.9) 

G* is a product of two factors: value of G* for homogeneous nucleation and a wetting 

factor that has the value of zero for  = 0 and unity for   = 180 . When the film wets the 

substrate the barrier to nucleation is zero. In the case of dewetting G* is maximum and 

equal to that for homogeneous nucleation. The plot of G* versus r* scales as shown in  

figure 2.2. A cluster smaller in size than r* disappears by shrinking and lowering G in 

the process. Critical nuclei on the other hand grow to supercritical size by addition of 

adatoms which also lowers the system energy.  

 The initial stages of growth influences the overall structure of the film as the film 

growth continues. It has been demonstrated that the mechanisms of epitaxial growth 

affect both the form of deposited material and the way in which lattice defects are 

introduced into the deposit. Figure 2.4 shows a schematic of the three well established 

modes of epitaxial growth[9,10] : 

 Frank – van der Merwe Mode (FM mode), Monolayer growth or Layer-by-Layer 

growth or two-dimensional(2D) growth) 

 Volmer Weber Mode (VW Mode), Island growth or three-dimensional(3D) growth 

 Stranski-Krastanov Mode (SK mode), Layer-by-Layer followed by island or 

mixed mode 
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Bauer[11] has demonstrated that the relative surface energies of the film and the substrate 

and the interfacial energy play an important role in determining which growth mode 

occurs at thermodynamic equilibrium. The interfacial energy depends upon the nature of 

binding at the interface and is also influenced by the state of strain. The three growth 

modes can be distinguished based on equation (2.7): sv = fs + vf cos . 

 Frank – van der Merwe Mode (Layer by Layer growth or two-dimensional(2D)  

In this growth mode a two-dimensional extension of the smallest stable nuclei 

occurs resulting in the formation of a single continuous monolayer. Subsequent to 

deposition of a monolayer of deposit which „wets‟ the substrate entirely, a less 

tightly bound monolayer covers the first monolayer. For layer by layer growth the 

film „wets‟ the substrate and  = 0, therefore equation (2.7) can be written as,   

 sv ≥ fs + vf        (2.10) 

In the case of homoepitaxy fs = 0, sv = fv. The deposition of a continuous 

monolayer in heteroepitaxial systems suggests the layer by layer growth is favored 

for the case of strong bonding between the film and the substrate, which implies 

low interfacial energy and small lattice misfits, low film surface energy and high 

substrate surface energy. Other factors also involved in this growth mode are: the 

nature of chemical bonding at the interface and the elastic strain energy present in 

the epilayer or the film. This growth mode is followed in most semiconductor-on-

semiconductor   systems.  
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Figure 2.4 Sschematic illustration of the three growth-modes (a) Frank van-der-

Merwe (b) Volmer Weber (c) Stranski Krastonov. 

 

and   is finite. The smallest stable clusters nucleate on the substrate and grow in 

three dimensions to form islands. In this growth mode, the interfacial energy is 

high and the surface energies of the film and the substrate are low. To confirm 

with the criterion of energy minimization the high-energy interface formed must 

be minimal and therefore 3D islands are formed instead of a continuous wetting 

layer.  The islands eventually agglomerate into a continuous film. This type of 

growth occurs when the atoms or molecules in the film are more strongly bound to 

each other than to the substrate. As  increases, the bonding between the substrate 

and the atoms of the film becomes progressively weaker than the cohesive binding 

energy between the atoms of the film.  Many systems of metals on insulators 

display this growth mode. 
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 Stranski-Krastanov Mode (Layer-by-Layer followed by island or mixed mode) 

This mode involves the growth of a few monolayers(1<n<10), which form the 

wetting layer followed by formation of 3D nuclei on top of the wetting layer.  

Equilibrium equation for the surface energies and the interface energies follows 

the inequality: 

 sv ≥ fsn + vf        (2.12) 

where fsn is the interfacial energy for n monolayers. In this case the interfacial 

energy and the surface energy of the substrate are high and the surface energy of 

the film is low. The SK mode is found to occur in cases where the misfit is greater 

than 2% and where the contribution of strain energy due to pseudomorphism is 

greater than that of surface energies. This would explain why the monolayer 

growth becomes unfavorable for small values of n. For such thin layers strain 

relief by dislocation nucleation and propagation would also be difficult. This 

mode has been observed in Ge and SiGe alloys on Si(001), and InAs and InGaAs 

alloys on GaAs(001). Studies on the two systems revealed that the earliest 3D 

nuclei are pseudomorphically strained and coherent at the interface.  

 

2.1.3 Strain Relaxation in Epitaxial Growth  

 Relaxation in coherently strained film occurs beyond a “critical thickness” hc by 

generation of misfit dislocations. Different approaches have been adopted for 

determination of critical thickness. Earliest models by Frank and van der Merve [4,5] 

based on equilibrium condition defined critical thickness as the thickness at which it  
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becomes energetically favorable to accommodate lattice misfit by generation of misfit 

dislocations rather than by increasing the strain in the epilayer. Thus, according to van der 

Merve‟s criterion, critical thickness is the thickness at which the energy of the coherently 

strained state becomes equal to the energy of the fully relaxed state, 

 
)

0
,()0,( n

c
hE

c
hE

        (2.13)  

where n0 is the dislocation density of the completely relaxed structure. It is to be noted 

here that the dislocation density does not increase abruptly from zero to n0 at the critical 

thickness. Since this criterion did not address the kinetic aspects of dislocation nucleation 

and propagation it fails to explain the observed relaxation in large misfit systems at 

smaller values of critical thickness than predicted by this criterion[12]. 

 Matthew and Blakeslee considered the behavior of pre-existing threading 

dislocations in the substrate under the influence of the epilayer stress. They defined 

critical thickness as the equilibrium condition when the dislocation line tension is 

balanced by the force on the dislocation due to epilayer stress. Matthews and Blakeslee 

criterion[6,7] is based on the energy minimum condition, 

 0
),(

dn

nhdE c (at n = 0)       (2.14) 

where E is the total energy of the structure and it is a function of the thickness of the film 

h and the dislocation density n. Though this model considered the kinetics of dislocation 

nucleation and propagation it assumed that misfit dislocations arise from propagation of 

existing defects in the substrate into the epitaxial layers. This mechanism was discredited 

when strain relaxation in GexSi1-x/Si(100) heterostructures was studied. It was later 

proposed by Narayan et al[13] that relaxation of the strained layer occurred by nucleation 
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of dislocation at the free surface in the form of a half-loop and its subsequent propagation 

to the interface. This occurs rarely and is not relevant to the work in this study. 

 Later studies [14,15,16,17] revealed that the activation barrier to dislocation 

nucleation and propagation played a crucial role in determining the critical thickness and 

prevented the equilibrium configuration for strain relaxation from being achieved. 

Ichimura and Narayan[18] pointed out that the difference between the van der Merwe and 

Blakeslee criteria can be very large. In addition to the critical thickness as the main issue 

in misfit strain accommodation process, the mechanisms involving generation of 

dislocations, including their nature, nucleation, motion and interactions is of increased 

scientific and applied interest[13,19,20]. The mechanisms which control dislocation 

generation are different in low and large lattice mismatch systems. In systems with low 

mismatch (<2%), the generation of dislocation is nucleation limited because of the high 

energy barrier for nucleation. In high- mismatch systems (>2%), the energy barrier for 

nucleation is low and hence the generation of dislocation is a glide limited process. 

 

2.1.4 Domain Matching Epitaxy 

 Domain Matching Epitaxy (DME) is a new paradigm, which gives a standard 

model for thin film epitaxy where single crystal films with small and large misfits are 

grown [4]. Within the DME framework, the film can have either a fixed or the same 

orientation relationship with the substrate, depending upon the nature of the misfit.  In 

DME, growth of single-crystal films on a substrate with a certain lattice misfit occurs as a 

result of matching of integral multiples of lattice planes(domains) across the film- 
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substrate interface and there is one extra half plane (misfit dislocation) corresponding to 

each domain. The nature of misfit dislocations in terms of Burgers vectors and habit  

planes are determined by geometrical constraints, rather than by deformation in the 

normal slip systems. The matching of lattice planes could be different in different 

directions of the film-substrate interface. The film and the substrate planes could be non-

diffracting planes as long as they maintain the crystal symmetry in a particular direction. 

 The concept of DME can be invoked to explain epitaxial growth of films across 

the misfit scale.  In the small misfit regime, DME reduces to Lattice Matching Epitaxy 

(LME) where matching of the same planes or lattice constants is considered with a misfit 

typically less that 7%–8%. In large lattice mismatch systems, epitaxial growth of thin 

films occurs by matching of domains where integral multiples of major lattice planes 

match across the interface. If the misfit is slightly off perfect domain (integral) matching, 

then additional misfit can be accommodated by changing the domain size within the 

DME framework. This is done by introducing the concept of domain size variation, where 

two or three sets of domain alternate with a certain frequency to achieve a zero misfit. 

Thus, it is possible to grow epitaxial films with any lattice misfit provided cores of misfit 

dislocations do not overlap and there is sufficient interatomic interaction between the film  

and the substrate [16]. For large misfit strains, the critical thickness is less than one to two 

monolayers, so dislocations corresponding to full lattice relaxation nucleate at free 

surface steps within one monolayer and locate where there is an energy minimum; the 

remainder of the film can thus be grown virtually strain and misfit-dislocation free. 

 An important aspect of DME is that for large misfits it can be used to engineer and 

confine the misfit strain near the interface. Since for large misfits the critical thickness is 
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less than a monolayer, the misfit dislocations nucleate at free-surface steps within the 

monolayer and locate at the interface where there is an energy minimum. The large 

number density of surface steps within the monolayer provide easy nucleation sites for 

 dislocations. If the initial growth is 2D, the dislocations can propagate throughout the 

entire length of the film, and confine themselves near the interface without creating 

threading dislocations. However, if the initial growth is a mixture of 2D and 3D growth 

then dislocation segments may not propagate throughout the entire length and threading 

segments may ensue. Thus, depending upon the nature of growth characteristics and the 

number density of surface steps DME may be used to reduce the number density of 

threading dislocations and confine most of the misfit dislocations near the interface. 

 On the other hand, in low misfit systems where the critical thickness is large, the 

dislocations nucleate at the free-surface steps and glide to the interface creating a half-

loop configuration with two threading segments and a straight segment along the 

interface. Additionally the dislocations in low-misfit systems are either glide or slip 

dislocations and their planes and Burgers vectors are controlled by the active slip systems 

in the film. Due to the barriers to dislocation nucleation and propagation the relaxation 

process in low misfit systems is gradual and often the misfit is not fully relaxed.  

 

Mathematical treatment of DME 

In DME, the matching of lattice planes of the film (df) with those of the substrate (ds) is 

considered, which could be different along different directions of the interface. The 

planes could be non-diffracting planes as long as they maintain the crystal symmetry in a  
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particular direction. In DME, the initial misfit strain is given by, 

  = df/ds – 1        (2.15) 

 could be very large, but this can be relaxed by matching of m planes of the film with n 

planes of the substrate. This matching of integral multiples of lattice planes leaves a 

residual strain of r given by 

 r = (mdf /nds) – 1        (2.16) 

where m and n are simple integers. In the case of a perfect matching mdf = nds, and r= 0. 

If r is finite, then two domains may alternate with a certain frequency to provide for a 

perfect matching according to the expression; 

 ( m + α )df = ( n + α )ds       (2.17)                

where α is the frequency factor and 0 < α <1. 

The assumption of one dislocation in each domain, gives,  

 n-m = ±1         (2.18) 

The difference between n and m of 1 corresponds to a missing or an extra plane. Avoiding 

the overlapping of dislocation cores controls the maximum strain, which can be 

accommodated. Assuming core radius equal to one and half Burgers vector, the maximum 

strain is 33 percent, and for core radius equal to two Burgers vectors, the maximum strain 

that can be accommodated is 25 percent [16]. From equations (2.16) through (2.18), we 

can derive, 

 ±  = 1/(m+α)                  (2.19) 

The plus represents compressive strain and the minus represents tensile strain in the film. 

Equation (19) as plotted in figure 2.5 basically governs domain epitaxy. The basic 

 



24 

 

assumption in the model as proposed by Narayan and coworkers is that there is a 

complete relaxation of the strain without any dislocation nucleation barrier at the free 

surface. This has been shown by in-situ X-ray diffraction measurements [8]. Figure 2.5 

shows a general plot of misfit percent strain as a function of inverse of film/ substrate 

planes matching across the interface. The plot provides a unified framework of DME with 

misfit strain ranging from 2 to 50 percent (50 percent corresponding to ½ matching), 

where DME at low misfits becomes conventional LME. 

             

Figure2.5 Unified plot of strain vs. film-substrate planar spacing ratio. The LME 

region is above about 12/13 ratio or below 7.7% strain[8]. 
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In the following we discuss domain matching epitaxy of large misfit systems which were 

part of the research work namely: 

 h-GaN on sapphire(0001) 

 ZnO on sapphire(0001) 

 a-plane ZnO on r-plane sapphire 
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h-GaN on sapphire(0001) 

The growth of (0001) GaN (having a wurtzite hexagonal structure a=3.189A, c= 5.182A) 

on (0001) sapphire (a=4.758A, c=12.991A) occurs via matching domain matching 

epitaxy. The HRTEM micrograph in figure 2.6 shows epitaxial growth of h-GaN on 

sapphire by Pulsed Laser Deposition at 750°C[21]. The h-GaN film plane is (01-10) and  

the sapphire substrate is (-2110). The Fourier-filtered image in figure 2.6 (b) shows the 

matching of 6 or 7 (01-10) planes of h-GaN with 7 or 8 (-2110). The planar spacing of 

(01-10) planes of h-GaN is 2.765A and the planar spacing of (01-10) planes of sapphire is 

2.318A at the growth temperature which gives an initial lattice misfit of 16.1%. This 

strain falls between the 6/7 and 7/8 matching in the master plot shown in figure 1.5. From 

our calculations we find that the two domains 6/7 and 7/8 must alternate with a frequency 

of 4(6/7) and 1(7/8) for a relaxed epitaxial growth. 
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Figure2.6  High resolution TEM cross-section of wurtzite GaN grown directly on 

sapphire at 750 C[21]. (b) Fourier- filtered image of (a) obtained by selecting the spots 

corresponding to the planes (01-10)GaN  // (-2110) -Al2O3. 
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ZnO on sapphire(0001) 

Figure 2.7 is a HRTEM micrograph showing epitaxial growth of ZnO on sapphire (0001) 

substrate. Figure 2.7(b) is a selected area electron diffraction pattern (SAED) taken from 

the interface region taken along the [0−1 1 0] sapphire zone axis and gives the following 

epitaxial relationship between the film and the substrate: (0 0 0 2)ZnO//(0 0 0 6)α-Al2O3; 

[2−1−1 0]ZnO//[0−1 1 0]α-Al2O3. This relationship corresponds to a 30  in-plane rotation 

of the film with respect to the substrate and an alignment of (0 1−1 0) (spacing of 2.814 

Å) planes of ZnO with (−2 1 1 0) (spacing of 2.379 Å) planes of α-Al2O3. This 

corresponds to an initial misfit strain of 18%. The epitaxial growth of ZnO on α-Al2O3 

with such a large misfit is controlled by DME [8] where integral multiples of lattice 

planes match across the interface. Under these conditions six planes of sapphire match 

with five planes of sapphire and the deviation from the ideal 5/6 matching is 

accommodated by domain size variation where seven planes of sapphire match with six 

planes of ZnO across the interface as can be seen in the FFT image shown in figure 

2.7(b).  
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Figure 2.7 (a) High resolution TEM cross section with (01-10) foil plane of sapphire 

and (2-1- 10) plane of ZnO showing domain epitaxy in ZnO/ - Al2O3 system; (b) Fourier-

filtered image of matching of (2-1- 10) ZnO and (30-30) sapphire planes with a frequency 

factor (  = 0.5) for 5/6 and 6/7 domains 
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a-plane ZnO on r-plane sapphire 

The epitaxial relationship for growth of a–plane ZnO on r-plane sapphire is given by (11-

20)ZnO// (1-102)sap, [0001]ZnO // [-1101]Sap,[-1100]ZnO//[11-20]Sap. The in-plane 

lattice mismatch for this relationship is compressive in nature and is 1.5% along the ZnO 

c-axis and as large as 18.3% in the perpendicular [1-100] direction. The initial large 

mismatch of 18.3% along the [1-100] axis is relaxed by domain matching of five planes 

of ZnO with six planes of sapphire alternating with domain matching of six planes of 

ZnO with seven planes of sapphire. Figure 2.8(a) shows a high-resolution micrograph of 

the interface along the [10-11] zone axis of sapphire for growth of a-plane ZnO on r-plane 

sapphire. The Fourier-Filtered image in Figure 2.8(b) obtained using the (10-10)ZnO and 

(11-20)sapphire spots shows the extra half planes in sapphire.    
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Figure2.8 A-plane ZnO. (a) High-resolution image of the interface along the 

[1-101]sapphire ([0001]ZnO) zone axis.(b) Fourier-filtered image using (11-20)sapphire 

and (1-100)ZnO spots of the image in (a). Extra-half planes are clearly visible in the 

sapphire substrate[22]. 
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2.1.5 Misfit Dislocations in Heteroepitaxial Growth 

 Epitaxial growth is associated with defects which are generated in a number of 

ways and during various stages of growth.  In heteroepitaxial systems, defects are mainly 

formed to accommodate the misfit between the stress-free lattice parameters of the film 

and the substrate. In a heteroepitaxial system, the atoms of the film and the substrate are 

strained at the interface to accommodate the difference in the lattice parameters. This 

results in areas of good fit separated by areas where the fit is bad. The areas of bad fit 

resemble crystal dislocations and because of this, are called interfacial or misfit 

dislocations. In most cases the film thickness is small compared to the substrate thickness, 

so that the film is expected to strain elastically to reduce the misfit between the lattices. 

This strain is accompanied by an increase in the separation of misfit dislocations. If the 

film thickness and the misfit between the film and the substrate are very small, the 

separation between dislocations becomes infinite and all the misfit is accommodated by 

elastic strain. 

 The conditions under which all misfit is accommodated by elastic strain, and the 

way in which it is shared between dislocations and strain after dislocations first appear 

has been calculated by Frank and van der Merwe[4], van der Merwe and Ball[23,24]. The 

film thickness at which misfit dislocations first appear has been found to agree 

experimentally [25,26,27] with the predictions of the Frank van-der Merwe model [4,28]. 

However, in some systems like Ge on GaAs [29] critical thicknesses much greater than 

the predicted values have been found. The large values seem to arise from difficulties 

associated with the formation of misfit dislocations. Some of the processes which impede 

the formation of misfit dislocations are: (a) barrier to dislocation nucleation [30] (b) the  
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Peierls-Nabarro friction stress [31] absence of suitable glide systems [32] (d) interactions 

between dislocations and other defects [33,34]. 

 The mechanism of generation of misfit dislocations can be understood in a 

simplistic way by considering the forces acting on them as in the Matthews-Blakeslee 

model, which considers two forces acting on a dislocation. The first is due to lattice 

mismatch, whose stress field is on the interfacial plane. For slip to occur, the slip system 

should experience a resolved shear component of the stress acting on the slip plane and in 

the slip direction. The force (Fa) due to this shear stress is [6]  

 
cos

1

1
2GbhFa

      
(2.20)  

where G is the shear modulus of the film, b is the magnitude of the Burgers vector of the 

misfit dislocation, h is the film thickness,  is the Poisson‟s ratio,  is the angle between 

the Burgers vector and the direction on the interfacial plane that is perpendicular to the 

dislocation line, and  is the lattice mismatch strain, which equals (af - as)/as where as and 

af are the lattice parameters of the substrate and the film.  

 The second force on the misfit dislocation is due to the line tension, which acts 

like a restoring force, resisting the motion of the dislocation. This force (Fl) is given by 

[6], 
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(2.21)  

where  is the angle between the misfit dislocation line and its Burgers vector. 

 In addition to these two forces, dislocation motion is impeded by the Peierls force  
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(FP), which results in a frictional force on the dislocation [35], 
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       (2.22)  

where  is the angle between the film surface and the normal to the slip plane, d is the 

interplanar spacing corresponding to the slip plane,  is a material constant given by, 

 GV

nkt24
exp

       

(2.23) 

where n is the number of atoms per unit cell, V is the volume of the unit cell and T is the 

growth temperature. The expression for the Peierls force is based on the assumption that 

the dislocation motion is by slow mechanical glide under stress[36]. 

 At the critical thickness hc, the three forces acting on the dislocation are in 

equilibrium, i.e., Pla FFF . For h > hc, the misfit force becomes larger than the 

opposing forces and it becomes mechanically favorable to form misfit dislocations by 

slip. The net driving force for dislocation glide is given by,  

 Planet FFFF
        (2.24)  

In most heterostructures the misfit dislocations are nucleated at the surface and then they 

glide to the interface.  

 

2.1.5.1  Plastic Relaxation in Wurtzite Structures as a function of Misfit Strain 

 In general, single crystals deform by slip in close packed directions on planes that 

are close packed. According to dislocation theory only a few low-index glide planes and 

directions should be observed for a given crystal system. The energy of a dislocation is  
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proportion to b
2
 where b is the burgers vector. The stability of a dislocation can be 

determined by Frank‟s criterion according to which a perfect dislocation with burgers 

vector b1 can dissociate into perfect dislocations b2 + b3, if,   

 
2
3

2
2

2
1 bbb          (2.25)  

 An alternative procedure involves the application of the interaction-force between 

dislocations to the product dislocation. If the interaction force between b2 and b3 is 

attractive b1 will be stable and if the interaction force is repulsive b1 will dissociate. For 

most crystal systems only the primitive-lattice vectors, and in some cases their pairwise 

combinations, correspond to dislocations that are stable against dissociation. It is 

important to note that anisotropic elasticity effects could lead to stability of dislocations 

which are predicted to be unstable by the isotropic criteria or vice versa. Also the Peierls 

stress is least for dislocations with the smallest-magnitude Burgers vector, therefore they 

should slip more easily than the dislocations with the larger-magnitude. Additionally, for 

a given burgers vector the glide plane with the largest d spacing has the smallest Peierls 

stress. In most cases the close packed planes have the largest d spacing. However when 

directional bonding is important it is possible that the Peierls stress might be lower for a 

plane other than the closest packed plane. In some cases the perfect dislocation can 

dissociate into imperfect partial dislocations bounding a stacking fault. Such dislocations 

are restricted to glide on the fault plane. The glide force on the dislocation is given by the 

resolved shear stress acting on the dislocation on the glide plane and in the slip direction. 

The critical resolved shear stress (τr) is given by,  

 τr = σ(cos υ)(cos λ)        (2.26) 
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where σ is the stress in the film plane, υ is the angle between the plane normal and σ, and 

λ is the angle between the slip direction and σ. 

 The burgers vector of dislocations in hexagonal close packed(hcp) lattice are 

illustrated in figure 2.9 based on the scheme devised by Berghezan, Fourdeux, and 

Amelinckx[37]. According to their notation the stable burgers vector in a hcp lattice can 

be visualized by considering a bipyramid as shown in figure 2.9 (b). Figure 2.9 (c) shows 

the projection of the bipyramid. Based on the notation of Berghezan et al the following 

dislocation types can be observed in hcp lattices: 

 Perfect dislocations with burgers vectors in the basal plane along the sides 

of the triangular base ABC of the pyramid. They are AB, BC, CA, BA, CB 

and AC. 

 Perfect dislocations perpendicular to the basal plane represented by the 

vectors ST, TS of magnitude c. 

 Perfect dislocations whose Burgers vector are represented symbols such as 

SA/TB which means the sum of the vectors ST and AB or, geometrically a 

vector equal to twice the join of midpoints of SA and TB. 

 Imperfect dislocations lying in the basal plane(Shockley partials) and 

formed by dissociation of perfect dislocations lying in the basal plane. 

They are represented by the vectors A , B , C , A, B and C. 

 Imperfect dislocations perpendicular to the basal plane namely, S, T, S  

and T . 

 

 

 



37 

 

                                    

                     

Figure2.9  Burgers vectors in the hexagonal-close packed lattice[37]. 
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 As discussed ealier plastic relaxation of the misfit strain in epitaxial growth can 

take place by formation of misfit dislocations at the interface. The slip systems observed 

in hcp crystals are listed in Table 2.1. 

 

                 Table 2.1  Dislocations in Hexagonal Close-packed Structures[37] 

Type 

Perfect-dislocation Partial-dislocation 

AB ST SA/TB A  S AS 

Direction [11-20] [000-1] [11-23] [1-100] [0001] [-2203] 

Magnitude a c (c2+a2) a/ 3 c/2 (a2/3+c2/4) 

Energy  a2 c2=8/3a2 11/3a2 1/3a2 2/3a2 a2 

Miller-Bravais 

Notation 
1/3[11-20] [000-1] 1/3[11-23] 1/3[1-100] 1/2[0001] 1/3[-2203] 

Glide planes 

(0001)    (0-110)   (1-101)   (11-22) 

 

In the polar [0001] orientation all the basal and prismatic planes are inactive for plastic 

relaxation. This is because the resolved shear stress is zero for all these systems since they 

are either parallel or perpendicular to the growth planes. From values of shear stress 

factor, cos  in Table 2.2, we see that only high energy pyramidal slip systems can be 

activated for plastic relaxation either by bending of pre-existing dislocations or by the 

introduction dislocation half-loops from the surface. Figure 2.10 illustrates the different 

slip systems for c-plane oriented growth of wurtzite structures. 
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  Table 2. 2   Effective shear factor, cos , for different slip systems for c-

plane growth[38] 

 Slip system cos  

Basal plane {0001}<11-20> 0 

Prismatic planes 

{1-100}<11-20> 0 

{1-100}<0001> 0 

{11-20}<0001> 0 

{11-20}<1-100> 0 

Pyramidal planes 

{11-2-2}<1-100> 0 

{1-101}<11-20> 0 

{1-102}<11-20> 0 

{11-2-2}<11-2-3> 0.524 

{1-101}<11-2-3> 0.524 

{1-102}<1-101> 0.730 
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Figure 2.10 Slip systems in a hexagonal lattice shown with reference to the c-plane 

oriented growth[38]. 

 

 In non-polar orientations the biaxial strain along the two principal in-plane 

directions is not isotropic due to differences in the lattice mismatch. Therefore the 

activation of slip systems is dependent upon the direction. If we consider the [11-20]  
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Figure 2.11  Slip systems for hexagonal lattice shown with respect to growth of 

nonpolar a-plane. (a) inactive vertical basal plane and prismatic systems, (b) inclined 

prismatic systems, (c) and (d) examples of pyramidal {11-22} systems, and (e) and (f) 

examples of pyramidal {1-1011} systems[4422].  

 

orientation we find that while the basal planes are still not activated, some prismatic 

planes and pyramidal planes are effective for plastic relaxation, since they are no longer  

parallel or perpendicular to the growth direction. Figure 2.11 illustrates the slip system  

with respect to  growth of nonpolar a-plane ZnO. The calculated value of Schmid factors  
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for various slip systems for the [11-20] oriented growth of  ZnO are listed in Table 2.3. 

Table 2.3  Schmid factors calculated for different slip systems for the in-plane 

directions for nonpolar a-plane growth[22] 

 

Strain  Along [0001] Along [-1100] 

Basal plane [0001}<-2110> 0 0 

 {1-100}<0001> 0 0 

 {1-100}<11-20> 0 0 

Prismatic plane {1-100}<11-23> 0 0 

 {01-10}<0001> 0 0 

 {01-10}<-2110> 0 0.43 

 {10-10}<1-210> 0 0.43 

Pyramidal plane {11-22}<11-23> 0.45 0 

 {-12-12}<-12-13> 0.45 0.34 

 {-1101}<-12-13> 0.4 0.40 

 {01-1-1}<11-23> 0.4 0 

 {01-11}<-2110> 0 0.38 
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2.2 Basic properties of GaN, ZnO and Sapphire 

Wurtzite Crystal Structure 

 The group-III nitride and the group-II oxide semiconductors have direct bandgaps, 

which cover the ultraviolet to infrared energy range. The nitrides and the oxides are 

miscible which makes it possible to make binary and ternary alloys. This ability to form 

alloys is essential for producing optical devices with specific wavelengths from red into 

the UV region and for creating heterojunctions with potential barriers into the device 

structures. The wide bandgap of GaN, and ZnO in particular is favorable for short-

wavelength light emitting devices and high-power devices. The large exciton binding 

energy of ZnO makes it a favorable option for high efficiency light emitting devices up at 

high temperatures. 

 Crystal structure of GaN and ZnO is usually the hexagonal wurtzite (WZ) type, 

which has nearly the same tetrahedral nearest-neighbor atomic coordination as cubic 

zincblende (ZB) type structure. The WZ structure has AaBbAaBbAaBb. . . stacking 

sequence along the [0001] axis, while the ZB structure has AaBbCcAaBbCc. . . stacking 

sequence along the [111] axis, where A(a), B(b), and C(c) denote three kinds of cation 

(anion) position in the triangular lattice on the (0001) and (111) planes. If the difference 

between the WZ and ZB structures is only the stacking sequence, WZ lattice constants a 

and c have relation as c/a = 8/3 = 1.633 and internal parameter u = 3/8 = 0.375, where uc 

corresponds to the length of the bonds parallel to [0001]. In the WZ structure, pairs of 

cation and anion atoms are connected along the [0001] direction and attracted to each 

other by electrostatic force. It is considered that these electrostatic interactions make  
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Table 2.4 Lattice constants a, c (˚A) and internal parameter u of wurtzite 

structure, lattice constant aZB (˚A) of zincblende structure, and lattice constant aRS 

(˚A) of rocksalt structure[1-8 ]. 

 a c u c/a aZB aRS 

BeO 2.698 4.377 0.378 1.622 3.81 3.648 

MgO 3.43 4.11 0.5 1.198  4.216 

ZnO 3.249 5.206 0.382 1.602 4.6 4.217 

CdO 3.66 5.86 0.35 1.601  4.77 

AlN 3.112 4.982 0.380 1.601 4.38  

GaN 3.189 5.185 0.376 1.626 4.5 …. 

InN 3.545 5.703 0.377 1.609 4.98  

 

WZ−ZnO, AlN, GaN, and InN stabler than ZB−ZnO, AlN, GaN, and InN because 

ionicity of these compounds is large among the III–V and II–VI compound 

semiconductors. In the WZ structure, therefore, the bond length along the [0001] axis 

tends to be shorter than the ideal one. The c/a value is listed for WZ type materials in 

Table 2.4. Furthermore, it is easier to shorten the interlayer distances between A–b and 

B–a than to shorten those between A–a and B–b because the former can be done mostly 

with angle deformation of the bond pairs. These structural deformations induce 

spontaneous polarization; relative displacement of cation to [000-1] and anion to [0001] 

from the ideal structure. Bond length and volume per atom of the wurtzite structures are 

listed in Table 2.5. 
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Table 2.5 Length of the bond parallel to the c-axis bc (˚A), other bond length ba 

(˚A) and volume per atom v (˚A
3
) of wurtzite structure, bond length bZB (˚A) and 

volume per atom vZB (˚A
3
) of zincblende structure, bond length bRS (˚A) and volume 

per atom vRS (˚A
3
) of rocksalt structure [ 1-8].    

 ba bc v bZB vZB bRS vRS 

BeO 1.647 1.655 6.9 1.650 6.91 1.824 6.07 

MgO 1.98 2.055 10.47   2.108 9.37 

ZnO 1.974 1.988 11.9 1.992 12.17 2.136 9.74 

CdO 2.289 2.051 17.00   2.385 13.57 

AlN 3.112 1.893 10.45 1.897 10.50   

GaN 3.189 1.950 11.42 1.949 11.39   

InN 2.164 2.150 15.52 2.156 15.44   
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2.2.1  Gallium Nitride 

 The physical properties of GaN make it an attractive semiconductor for many 

electronic and optoelectronic devices. GaN has a wide, direct energy band gap, which 

makes it suitable for short wavelength emitters (LEDs and diode lasers) and 

detectors[9,10]. GaN, AlN and InN are miscible in all proportions. This makes it possible 

to make binary and ternary alloys. This ability to form alloys is essential for producing 

optical devices with specific wavelengths (ranging from 1.9-6.2 eV) from red into the UV 

region and for creating heterojunctions with potential barriers into the device structures. 

Most modern devices are optimized through the use of heterostructures. The thermal 

stability of GaN along with its wide energy band gap makes it suitable for high 

temperature and high power electronics[9,10]. At higher temperatures the vapor pressure 

of nitrogen in contact with GaN is high and at T > 900°C GaN is prone to preferential 

loss of nitrogen. When high temperature processing is necessary, capping layers or high-

pressure nitrogen ambient have to be used to avoid the loss of nitrogen [11,12,13]. The 

high breakdown fields of GaN makes it useful for high power devices [14,15]. Its  high 

thermal conductivity facilitates heat dissipation in devices. A summary of the physical 

properties of  GaN is given in Table 2.6.  
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Table 2.6 Physical Properties of  GaN[ 16] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Wurtzite Zinc Blende 

Group of symmetry P63mc F 43m 

Density 6.15 

               Dielectric constant 

Static 
8.9-9.5 9.7 

High frequency 5.35 5.3 

Electron affinity(eV) 4.1; 3.4 

Lattice constant (Å) 
a = 3.189 

c = 5.185 
4.52 

Optical phonon energy (meV) 91.8 91.9 

Energy Gap(eV) 3.51 3.3 

Ionization Energies of shallow donors 

Si (eV) 0.012-0.03  

O(eV) 0.004-0.01  

Ionization Energies of shallow acceptors 

Mg(eV) 0.14-0.21  

Zn(eV) 0.21  

Native defect VGa (eV) 0.14  

Breakdown Field (Vcm-1) ~5 x 106 5 x 106 

Mobility (cm2 V-1 s-1) 

electrons ~1000 1000 

holes 200 350 

Electron saturation velocity (107cms-1) 
2(expt.) 

2-2.5 (calc.) 
2 

Refractive index 2.3 

Debye temperature (K) 820 

Thermal conductivity (300K)(W/cm K) 2.1 

Melting point 2753 ( 60 kbar)  

Thermal expansion, linear( C-1) 
a= 5.59 x 10-6 

c = 3.17 x 10-6 
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2.2.1.1  Crystal structure of GaN 

 GaN exhibits three common crystal structures: wurtzitic, zincblende and rock salt 

[17]. The thermodynamically stable phase at ambient conditions, is wurtzitic [18,19,20]. 

A phase transition from wurtzite to the rock salt structure takes place at high pressure. 

The zincblende structure is metastable and has been stabilized by epitaxial growth of thin 

films on the (001) crystal planes of cubic substrates such as Si, MgO and GaAs.  

 Wurtzitic GaN has a hexagonal unit cell and thus two lattice constants, c and a as 

shown in Figure 2.12. It contains six atoms of each type. The space grouping for the 

wurtzitic structure is P63mc. The wurtzitic structure consists of two interpenetrating 

hexagonal close-packed (hcp) sublattices, each of which is with one type of atoms, offset 

along the c-axis by 5/8 of the cell height. Atoms in the first and third layers are exactly 

aligned with each other. Locally every atom of one kind is surrounded by four atoms of 

the other kind, which are arranged at the edges of a tetrahedron (coordination number 6). 

           

Figure 2.12  Wurtzite crystal structure: atoms of one species are black, those of the 

other species are white and the unit cell is shaded. 

 

 At high external pressures ~37GPa, a phase transformation of the wurtzite towards 

the rocksalt (NaCl) structure takes place which is predominantly found in ionic bonded 
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crystals. In this structure anions form a face centered cubic (fcc) lattice where open sites 

in between are occupied by ions of opposite charge as shown in Fig 2.13. These cations in 

turn build an fcc lattice, which is displaced by half a unit cell dimension along the cubic 

axis. Thus, every cation is surrounded by six nearest neighbor atoms and vice versa, 

which form a regular octahedron (coordination number 6). The space group symmetry of 

NaCl type stucture is Fm3m. 

 The zincblende structure has a cubic unit cell as shown in Fig 2.14, containing 

four gallium and four nitrogen atoms. The space grouping for the zincblende structure is 

F 43m. The unit cell consists of two interpenetrating face-centered cubic sublattices, each 

of which is with one type of atoms and offset by one quarter of the distance along a body 

diagonal. Each atom in the structure may be viewed as situated at the center of a 

tetrahedron, with its four nearest neighbors defining the four corners of the tetrahedron.   

 

 

   

 

Figure 2.14  The zincblende structure – a regular tetrahedron is inserted. 

 

 

Figure 2.13  The rocksalt structure: every 

ion is surrounded by a regular octahedron. 
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A schematic of the bandgap of wurtzite GaN is shown in figure 2.15. 

 

2.2.1.2  Growth  of GaN 

The growth of the first single crystal GaN film was first demonstrated in 1969 using 

HVPE [22]. Since then HVPE [23,24,25], electron cyclotron resonance (ECR) assisted 

MBE [26,27] and  two-step MOCVD [28,29,30,31,32] techniques have reported the 

growth of GaN films. However for device applications the two-step growth process by 

MOCVD is the adopted approach. The GaN nucleation layer and the high-temperature 

layer studied in this work were grown by MOCVD. 

 

  

 

 

 

Figure 2.15 Energy band structure 

near the fundamental  (k=0) gap of 

wutrzite GaN. The top of the valence 

band is split by the crystal field and the 

spin- orbit coupling [21]. 

 



54 

 

2.2.2  Zinc Oxide 

 Zinc oxide has been investigated as early as 1912[33]. Intensive research on zinc 

oxide as a semiconducting material was done in 1950‟s and 1970‟s [34] Reports on p-type 

conductivity, diluted ferromagnetic properties, thin film oxide field effect transistors, and 

considerable progress in nanostructure fabrication have renewed the interest in ZnO as an 

optoelectronic material. A major driving force of research on zinc oxide as a 

semiconductor material is its prospective use as a wide band gap semiconductor for light 

emitting devices and for transparent or high temperature electronics [35]. ZnO has an 

exciton binding energy of 60 meV. This is higher than the effective thermal energy at 

300K (26 meV). Therefore excitonic gain mechanisms could be expected at room 

temperature for ZnO-based light emitting devices. The physical properties of ZnO are 

summarized in Table 2.7. 
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Table 2.7 Properties of ZnO[a]. 

Properties of wurtzite ZnO 

Property Value 

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 gcm
−3

 

Stable phase at 300 K Wurtzite 

Melting point 1975 ◦C 

Thermal conductivity 0.6, 1–1.2  Wcm
-1

C
-1

 

Linear expansion coefficient (/C) 
a0:6.5 × 10−6 

c0:3.0 × 10−6 

Static dielectric constant 8.656 

Refractive index 2.008, 2.029 

Energy gap 3.4 eV, direct 

Intrinsic carrier concentration < 10
6
cm−3 

Exciton binding energy 60 meV 

Electron effective mass 0.24 

Electron Hall mobility at 300 K for low 

n-type conductivity 
200 cm

2
 V

−1
 s

−1
 

Hole effective mass 0.59 

Hole Hall mobility at 300 K for low p-

type conductivity 
5–50 cm

2
 V

−1
 s

−1
 

[a] DW Palmer,  Available from http://www.semionductors.co.uk, 2002.06 
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2.2.2.1  Crystal Structure of ZnO 

 ZnO is a II-VI binary compound semiconductor. The crystal structures exhibited 

by ZnO are wurtzite(B4), zinc blende (B3) and rock salt (B1) as shown in figure 2.16 The 

thermodynamically stable phase at ambient conditions is wurtzite. The zinc blende 

structure can be stabilized only by growth on cubic substrates and the rocksalt (NaCl) 

structure may be obtained at relatively high pressures. In the zinc blende and wurtzite 

structures each anion is surrounded by four cations at the corners of a tetrahedron and 

vice versa. This tetrahedral bonding is characteristic of sp
3
 covalent bonding, but these 

structures also show an ionic character which increases the bandgap beyond that expected 

from covalent bonding. The ionicity of  ZnO is at the borderline of covalent and ionic 

semiconductors.  

          

Figure 2.16  Stick-and-ball representation of ZnO crystal structures: (a) hexagonal 

wurtzite (B4) (b) cubic zinc blende (B3), and (c) cubic rocksalt (B1)[36].  
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 The wurtzite structure of ZnO belongs to the space group 4
6vC and has a hexagonal 

unit cell with two lattice parameters a=3.249Å and c = 5.206Å[37]. A schematic of the 

wurtzite structure is shown in Figure 2.17. It consists of two interpenetrating hexagonal 

close-packed (hcp) sublattices. Each sublattice consists of four atoms per unit cell with 

one type of atom displaced with respect to the other along the threefold c-axis by the 

amount u - the internal parameter, which is defined as the length of the bond parallel to 

the c-axis ( anion-cation bond length ) divided by the c lattice parameter. The c/a ratio in 

wurtzite ZnO (1.602) shows a deviation from the ideal value of 1.633. The deviation from 

that of the ideal wurtzite structure is due to crystal stability and ionicity. The decrease in 

the value of c/a is accompanied by an increase in the value of u in such a way that the 

four tetrahedral distances remain constant through a distortion of the tetrahedral angles 

due to large-range polar interactions. The bond length parallel to the c-axis and the other 

three directions of the tetrahedral will be equal if,  

                                  

 (2.27)

 

 

 

 

Figure 2.17 Schematic representation of a 

wurtzitic ZnO structure with lattice  constants 

a in the basal plane and c in the basal 

direction, u parameter, which is expressed as 

the bond length or the nearest-neighbor 

distance b divided by c (0.375 in ideal 

crystal), a and b (109.47  in ideal crystal) 

bond angles, and three types of second-

nearest-neighbor distances b’1, b’2, and b’3 

[36]. 

4

1

3

1
2

2

c

a
u
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The O-Zn distance along the direction parallel to c-axis is 1.992Å and 1.973Å along the 

other three directions[38]. The growth of the metastable zinc blende phase of ZnO has 

been demonstrated on cubic substrates such as ZnS [38], GaAs/ZnS [39], Pt/Ti/SiO2/Si 

[40]. It belongs to the space group mF 34  and is composed of two interpenetrating face-

centered cubic (fcc) sublattices shifted along the body diagonal by one quarter of the 

length of the body diagonal. There are four atoms per unit cell and every atom of one type 

is tetrahedarally coordinated with four atoms of the other type.  

 Because of the tetrahedral coordination of wurtzite and zincblende structures, the 

four nearest neighbors and the twelve next nearest neighbors have the same bond distance 

in both structures. However, due to the difference in the bond angle of the second-nearest 

neighbors in the two structures, they differ in the stacking sequence of close-packed 

diatomic planes. The wurtzite structure consists of triangularly arranged alternating 

biatomic close-packed planes for example, Zn and O pairs; thus, the stacking sequence of 

the (0 0 0 1) plane is AaBbAaBb. . . in the <0 0 0 1> direction, meaning a mirror image 

but no in-plane rotation with the bond angles. Upper and lower case letters in the stacking 

sequences stand for the two different kinds of constituents. In contrast, the zinc blende 

structure exhibits a 60  rotation along the [1 1 1] direction and, therefore, consists of 

triangularly arranged atoms in the close-packed (1 1 1) planes along the <1 1 1> direction 

that causes a stacking order of AaBbCcAaBbCc. The stacking sequence for wurtzite and 

zincblende ZnO is shown in figure 2.18. 

  The rocksalt structure belongs to the cubic system with space group Pm3m. It 

consists of two face-centerd cubic(fcc) sublattices, which are occupied by one atom 
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Figure 2.18 Stick-and-ball stacking model of crystals with (a, both top and bottom) 2H 

wurtzitic and (b, both top and bottom) 3C zinc blende polytypes. The bonds in an A-plane 

(1 1 -2 0) are indicated with heavier lines to accentuate the stacking sequence. The 

figures on top show a three-dimensional view. The figures at the bottom indicate the 

projections on the (0 0 0 1) and (1 1 1) planes for wurtzitic and cubic phases, 

respectively[36].  

 

species each. The two sublattices are shifted by half of the diagonal of the primitive unit 

cell against each other. Wurtzite ZnO transforms to the rocksalt (NaCl) on application of 

external hydrostatic pressure. The transformation occurs because the reduction of lattice 

dimensions causes the interionic Coulomb interaction to favor the ionicity more over the 
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 covalent nature. The phase transition from wurtzite to rocksalt occurs at ~10GPa and is 

associated with a large decrease in volume[42]. Due to a lack of inversion symmetry in 

the three structures of ZnO, the structures exhibit crystallographic polarity. The 

crystallographic polarity in wurtzite structures is discussed in Section 2.3.2.1. 

 

2.2.2.2  Electronic Band Structure of ZnO 

 ZnO is a direct bandgap semiconductor and therefore the region of interest in the 

band structure is at k = 0 ( -point). Due to the tetrahedral bonding between the cation and 

anion in wurtzite structures, the cation s-orbital and the anion p-orbital form sp
3
-hybrids, 

which overlap forming bonding and antibonding combinations. The electronic states at 

the valence band (VB) maximum are mainly derived from anion p-states and are therefore 

three fold degenerate. This degeneracy is lifted by spin-orbit (SO) splitting and also by 

noncentrosymmetric crystal fields. A typical band structure of a wurtzite phase is 

represented in figure 2.19. 

 In wurtzite ZnO, the lowest conduction band (CB) is formed from the empty 4s 

states of Zn
2+

 or the antibinding sp
3
 hybrid states. The bottom of the CB has 1 symmetry 

without spin and 7 symmetry with spin[44]. The effective electron mass is almost 

isotropic with a value around me = ( 0.28  0.02)mo [37,45,46]. The VB originates from 

the occupied 2p orbitals of O
2-

 or the binding sp
3
 orbitals. Without SO coupling the top of 

the VB is split into a doublet of 5 and a singlet of 1 states by the crystal field. An 

inclusion of SO coupling gives rise to three twofold degenerate bands in the valence band 

which are denoted as hh (heavy hole), lh (light hole) and so (spin-orbit coupling). These  
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Figure 2.19 Band structure and selection rules for Wurtzite structures. The crystal field 

and spin-orbit splittings are indicated schematically. The transitions which are allowed 

for various polarizations of photon electric-field vector with respect to the c axis are 

indicated[43]. 

 

states correspond to A, B and C excitons lines in photoluminescence experiments. Two of 

the bands have symmetry 7 and one has symmetry 9. The effective hole masses in ZnO 

are isotropic and similar for the A, B and C VBs with typical values of [37,45,46] 

oBAh mm 59.0,, ,         oCh mm 31.0 ,          oCh mm 55.0  

Figure 2.20 shows the electronic band structure of ZnO near the  point. In most wurtzite 

structures the VBs are labeled from higher to lower energies as A, B and C bands. In most 

cases the spin-orbit splitting is much larger than the crystal-field splitting and the ordering 

of the bands is A 9, B 7, C 7. However the ordering of the crystal-field and spin-orbit  
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Figure 2.20  Valence and conduction bands of ZnO in the vicinity of the fundamental 

bandgap[45]. 

 

coupling split states at the VB maximum in wurtzite ZnO has been a subject of 

controversy. The anomaly that the top of the VB in ZnO has A 7 symmetry was first 

reported by Thomas [47] and later by Liang et al[48]. However these results were 

challenged by Park et al [49]. The issue of band ordering of the VB in ZnO has been 

addressed by a number of researchers[47,50,51] but the issue still remains controversial 

although most studies adopt the interpretation of Thomas[47].   

 The lattice constants of semiconductors change with temperature and pressure, and 

also depend upon stoichiometry, presence of extended defects and free carrier 

concentration. Consequently the electronic band structure changes with temperature and 

pressure. The bandgap at ( -point) shifts to lower energies with increasing temperature.  
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The energy shift is accompanied by a continuous line broadening, and is caused mainly 

by the increase in the electron-phonon interaction. At low temperatures the band-to-band 

transition energies (E 0, where  = A, B or C) are influenced mainly by the electron-

phonon interaction and are given by the Varshni equation[52] 

       (2.28) 

 is the transition energy at T = 0K, V is a model parameter(temperature coefficient), 

and D is the Debye temperature. At higher temperatures the semi-empirical Bose-

Einstein model function can be applied [53,54] 

       (2.29) 

where is an effective phonon mode temperature,   is the transition energy at T = 

0K, and   is a model parameter. 

 

2.2.2.3  Intrinsic Point Defects in ZnO 

 Intrinsic or native point defects are deviations from the ideal structure and are 

caused by displacement or removal of lattice atoms[55,56]. The possible intrinsic defects 

are vacancies, interstistials and antisites. Native point defects in ZnO are denoted as VZn 

and VO, Zni and Oi, and as ZnO and OZn respectively. There are two possible interstitial 

sites in wurtzite ZnO: one is tetrahedrally coordinated and the other is octahedrally 

coordinated. In addition to these defects, combinations of point defects such as cation and 

anion vacancy (Schottky pair) and cation vacancy and cation interstitial (Frenkel pair) are 

also found in ionic compounds [55,56].  In general, the energy to create a defect depends 
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 upon the difference in charge between the defect and the lattice site occupied by the 

defect. In ZnO, a vacancy can carry a charge of 2 while an antisite can carry a charge of 

4. Therefore, in ZnO which shows a partial ionic character, vacancies and interstitials 

are more likely to occur than antisite defects.  

 Defects often introduce levels in the band gap of semiconductors [56]. These 

levels involve transitions between different charge states of the same defect. The 

transition levels for the main native defects in ZnO calculated by first principle 

calculations are shown in figure 2.21[0,59]. The transition level (q/q ) is defined as the 

Fermi level position for which the formation energies of the charge states q and q  are 

equal. If the Fermi-level is below the transition level charge state q is stable and if the 

Fermi-level is above the transition level charge state q  is stable. Conventionally, if a 

defect transition level is positioned such that the defect is likely to be ionized at room 

temperature it is called a shallow level and if it is unlikely to be ionized at room 

 

Figure2.21  Thermodynamic transition levels for defects in ZnO[59]. 
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temperature it is called a deep level. Shallow centers can occur in two cases; first if the 

transition level in the band gap is close to one of the of the band edges (valence-band 

maximum (VBM) for an acceptor and conduction-band minimum (CBM) for a donor); 

second if the transition level is in resonance with either the conduction or valence band. 

In the case of resonance, the defect necessarily becomes ionized because the electron (or 

hole) can find a lower-energy state by transferring to the CBM (VBM). The first-

principles calculations also provide information on the mobility of point defects. The 

estimated energy migration barriers and the annealing temperatures of the defects are 

listed in Table 2.8 [0,59]. From the values listed in the table it is evident that zinc 

interstitials are mobile at temperatures below room temperature resulting in the formation 

of complexes.  

Table 2.8 Calculated migration barriers, Eb, and estimated annealing 

temperatures, for vacancies and interstitials in ZnO[0,59]. 

 

 

 

 

 

 

 

 

 Depending upon the growth ambient, the two most common defects in ZnO are 

likely to be oxygen and zinc vacancies. Oxygen vacancies which have a lower formation  

 

  Defect Eb(eV) Tanneal(K) 

Zni
2+

 0.57 219 

VZn
2-

 1.40 539 

VO
2+

 1.70 655 

VO
0
 2.36 909 

Oi(split) 0.87 335 

Oi(oct) 1.14 439 
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energy than Zni should dominate in Zn-rich conditions. In O-rich conditions VZn should 

dominate. A lot of theoretical work has been done on the native defect states 

[0,59,60,61,62,63]. Most of the experimental studies on native point defects are based on 

low-temperature photoluminescence (PL) results. Point defects with deep levels are 

associated with broad, structureless bands in the PL. The main reason for the broad bands 

is the strong electron-phonon coupling, so that in addition to a photon, a number of 

phonons are emitted during each recombination of electrons and holes bound to the  

defects. The main defect related emission observed in the PL spectra are the green 

luminescence band, and the red luminescence band.   

2.2.2.3.1  Green Luminescence Band 

 A lot of varying results have been published on the origin of the green 

luminescence band which attribute the green band to different point defects such as, 

VO[64,65,66,67,68,69] , VZn[70,71,72,73,], a complex defect involving Zni [74] or OZn 

[75]. Beyond that, different authors have suggested different mechanisms for the same 

defect. For example the green band has been attributed emission from the VO donor level 

located near the conduction band to the valence band (D-h recombination)[64], from VO 

or another deep level to deep VZn acceptor level ((donor acceptor pair (DAP)) [72,73], 

from the conduction band to the VZn acceptor [70] and between two states of VO. The 

variation in the results of the experimental studies on the green band emission and a lack 

of agreement between the experimental studies and the predictions of theoretical works 

for green band emission based on the calculation of defect energy levels leaves the origin 

of the green band luminescence an issue to be resolved. 
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2.2.2.3.2  Yellow and Red Luminescence Band 

A yellow luminescence has been reported in undoped ZnO [36]. Under irradiation with a 

He-Cd laser the green band became bleached and the yellow band emerged. A red band 

was observed in undoped bulk ZnO after it was annealed in air at 700°C. In the 

temperature range 15-100K the red band was found to quench causing the emergence of 

the green band. At T > 200K the green band quenches so that only the red band is 

observed at room temperature.  

 

2.2.2.4  Growth of ZnO thin films 

 Various growth technologies have been employed in the growth of ZnO. 

Magnetron sputtering [76,77,78], PLD[79,80,81,82], PAMBE [83,84,85], CVD [86,87] 

and spray pyrolysis [88] have been extensively used. High-quality growth of single 

crystalline ZnO films has been reported by PAMBE and PLD. The ZnO films in this work 

were grown by PLD. 

 

2.2.3 Sapphire 

 Due to the lack of native substrates for GaN and ZnO, GaN and ZnO films have 

been grown heteroepitaxially on a number of substrates as listed in Table2.9.Sapphire 

remains the most common choice for heteroepitaxy despite its poor structural and thermal 

mismatch with GaN and ZnO resulting in a considerable strain after post growth cooling. 

But with a suitable buffer layer sapphire substrates have proved extremely serviceable. In 

addition to the lattice and thermal mismatch the low thermal conductivity of sapphire 

makes it poor at dissipating heat. Since it is electrically insulating, all electrical contacts  
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must be made on the front side of the device. The preference towards sapphire can be 

attributed to its wide availability, low cost, hexagonal symmetry, transpareny, ease of 

handling and pregrowth cleaning. Sapphire is also stable at the high temperatures 

(~1100°C) required for device processing. 

 

Table 2.9 Lattice constants of WZ GaN and ZnO and their substrates[89,90,91] 

Material 
Lattice parameter 

a(Å)        c(Å) 
Thermal expansion coefficients( K

-1
) 

GaN 3.189 5.185 a  = 5.59 x 10
-6

 

c = 3.17 x10
-6

 

Al2O3 4.758 12.991 a  = 7.5 x10
-6

 

c = 8.5 x10
-6

 

6H-SiC 3.08 15.12 a = 4.2 x10
-6

 

c = 4.7 x10
-6

 

3C-SiC 4.36 - 
 = 2.7x 10

-
6 

 

ZnO 3.252 5.213 a = 2.9 x10
-6

 

c = 4.75x 10
-6

 

GaAs 5.653 -  = 6.0 x10
-6

 

Si 5.43 - 
 = 3.59x 10

-6 

 

LiGaO2 
a = 5.402 

b= 6.372 
5.007  

MgAl2O4 
Spinel structure, mismatch with GaN using (111) surface: 9-10% 

 

 

Sapphire has the space group of R3c and is mainly composed of ionic bonds. Both a 

rhombohedral unit cell and a hexagonal unit cell can describe the single crystal. In the 

rhombohedral unit cell, there are 4Al3
+
 ions and 6O2

-
 ions, and 10 ions in total. In the 

hexagonal unit cell, there are 12Al3
+
 ions and 18O2

-
 ions, and 30 ions in total. The lattice 

structure of the hexagonal unit cell consists of close packed planes of oxygen, alternated  

with a hexagonal array of aluminum planes as shown in figure 2.22[92]. The aluminum  
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planes are also in hexagonal close packed arrangement, with one third of the sites vacant. 

The vacant sites produce the 2/3 stoichiometric ratio of Al/O in sapphire. The Al planes 

are arranged with the Al vacancies ordered with a three-fold symmetry axis along the 

[0001] direction. All common surfaces employed for GaN and ZnO epitaxy are non-polar. 

Thus, the polarity of the epitaxial films is primarily controlled by the process conditions 

to which they are subjected.            

                         

                   

Figure 2.22 Lattice structure of sapphire. (a) The aluminum planes with arrays of 

vacancies are intercalcated with hcp oxygen (not shown). The morphological 

rhombohedral unit cell is drawn connecting aluminum vacancies.(b) sapphire planes 

used in epitaxy of GaN and Zn. 
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2.3 Strain and Polarization in Wurtzite Structures 

2.3.1 Strain  

 Strain in semiconductors has a significant impact on the characteristics and 

fundamental properties of materials, as it may change the crystal symmetry, electronic 

bandstructure and the phonon spectrum. In the case of wurtzite GaN and ZnO films, strain 

becomes more relevant because of the lack of a native substrate  for epitaxial growth of 

films. In linear elasticity theory the relation between stress  and strain  tensors in a 

wurtzite crystal is given by[36], 

 

 

where Cij are stiffness constants and x, y and z are the principal axes of the crystal 

structure. Heteroepitaxial growth leads to the presence of built-in strain in the films due to 

the difference between the lattice parameters and thermal coefficients of expansion 

between the film and the substrate. For growth on (0001) c-plane sapphire, the film 

growth occurs along [0001] direction. The sixfold symmetry of the basal plane of 

hexagonal GaN & ZnO and rhombohedral sapphire structure dictates their isotropy in the 

basal plane. Therefore, the thermal expansion coefficients, piezoelectric effects and 

elastic properties should be the same for any direction within the c-plane.  As a result, 

 

 

xx  C11 C12 C13 0 0 0  xx 

yy  C12 C11 C13 0 0 0  yy 

zz = C13 C13 C33 0 0 0  zz 

yx  0 0 0 C44 0 0  2 yz 

xz  0 0 0 0 C44 0  2 xz 

yz  0 0 0 0 0 ½(C11- C12)  2 xy 

(2.30) 



78 

 

polar films grown on c-plane sapphire experience isotropic biaxial in-plane strain.  For 

growth on non-c-plane oriented sapphire surface, the films will be under anisotropic 

biaxial strain due to the anisotropy of the in-plane lattice parameter mismatch and thermal 

coefficient of expansion mismatch between the film and the substrate. The strain state for 

the polar c-plane and nonpolar a-plane growth can be described by considering the 

coordinate system xyz where the coordinate z lies in the [0001] direction of wurtzite 

lattice and the coordinate x and y lie in the basal plane. Because of the isotropy of the 

basal plane, the mutually perpendicular directions in the basal plane can be aligned along 

two arbitrarily perpendicular directions. For simplicity the x-axis is defined along [11-20] 

and the y-axis along [-1100].  Since these directions are parallel to the crystal principal 

axes the shear stress and strain components (i=j) are zero[2]. The strain state in the c- and 

a-plane films can be fully described by the normal strain components (i=j). For growth 

along [0001] c-plane direction the stress component zz vanishes because the surface is 

free to expand or contract. The strain along the z-axis is expressed by the two in-plane 

components as, 

        (2.31) 

For growth of a-plane films, the growth is realized along the [11-20] direction and 

consequently xx vanishes. Thus, from eqn. (2.30) the strain state for the a-plane film can 

be written as,  

      (2.32) 

 Strain in heteroepitaxial films causes a distortion of the epilayer lattice structure. 

The strain manifests itself as an isotropic distortion of the basal plane for c-plane films 
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 and as an anisotropic distortion of the basal plane for a-plane oriented films. 

 

2.3.2 Spontaneous and Piezoelectric Polarization in HCP structures 

2.3.2.1  Polarity in wurtzite structures 

 Noncentrosymmetric compound crystals exhibit two different sequences of atomic 

layering in two opposing directions parallel to certain crystallographic axes, and 

consequently show crystallographic polarity along these axes. For binary AB compounds 

with wurtzite structure, the sequence of the atomic layers of constituent A and B is 

reversed along the [0001] and [000-1] direction. In the case of GaN and ZnO based 

heterostructures, the most common growth direction is the <0001> direction. Along this 

direction the atoms are arranged in bilayers which consist of two closely spaced 

hexagonal layers one formed by cations and the other by anions which leads to the 

observed polarity in these structures along <0001> direction. Therefore, if we consider 

the case of ZnO, the basal plane surface should be either Zn- or O-faced as shown in 

figure 2.23. If it is Zn-faced, Zn is on top position of the {0001}bilayer, and this 

corresponds to [0001] polarity. If the basal plane is O-faced, O is on top position of the 

bilayer and this corresponds to [000-1] polarity. By convention, the z or [0001] direction 

is given by a vector pointing from a Zn atom to the nearest O atom. It is important to note 

that the (0001) and (000-1) surfaces differ in their chemical and physical properties. It is 

also important to note that the polarity of a surface is a bulk property and is different from 

surface termination which is a surface property. In the absence of electric fields the total 

macroscopic polarization of a solid is the sum of the spontaneous polarization of the 

equilibrium structure Psp and of the strain induced piezoelectric polarization Pzp. 
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Figure2.23  Different polarities of wurtzite ZnO 

 

2.3.2.2  Polarization in Wurtzite Structures 

 The wurtzite GaN and ZnO, crystal structures are described as a number of 

alternately  stacked planes composed of fourfold coordinated O
2-

 (N
3-

) and Zn
2+

(Ga
3+

) 

ions along the c-axis. Since the cation and the anion in ZnO and GaN show a significant 

difference in electronegativity an appreciable part of the covalent bond possesses partial 

ionic character which indicates that the cation transfer some of their electrons to the 

anions. Consequently the layer of cations (Zn or Ga) surface atoms tend to have a positive 

charge and the layer of anions(O or N) tend to have a negative charge.  A net surface 

dipole moment prevails[3,4] in the absence of external influences such as strain or applied 

field. The polarization induced surface charge is balanced by a bound charge of opposite 

sign at the film/substrate interface. Since this polarization occurs in the equilibrium lattice 

at zero strain, it is termed as spontaneous polarization Psp[5,6]. The spontaneous 

polarization is noteworthy when heterointerfaces between two II-oxides or III-nitrides 

with varying electronegativities are involved. It then manifests itself as a polarization  
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charge at the interface. The strength of the spontaneous polarization is governed by the  

degree of non-ideality of the crystal lattice. In an ideal hcp structure, the in-plane and the 

vertical components of the polarization due to pairs of atoms cancel one another. Thus, 

the spontaneous polarization in an ideal hcp noncentrosymmetric structure is zero if,  

 3

8

0

0

a

c

 

As the c0/a0 ratio decreases (as in ZnO), the three back bonds are at a wider angle from the 

c-axis. As a result, the compensation polarization decreases giving rise to a strong 

spontaneous macroscopic polarization Psp.  

 If the c0/a0 ratio of the hcp lattice is changed the polarization of the crystal is 

affected. One way in which the ratio can change is by strain during epitaxial growth of 

thin films. During epitaxial growth of thin films the lattice parameters deviate from the 

bulk values, which in turn changes the polarization strength. The additional polarization 

in the strained epitaxial layers is termed as piezoelectric polarization Pzp and has two 

components; one due to lattice mismatch strain and the other due to thermal strain caused 

by the differences in the coefficients of thermal expansion of the film and the 

substrate[36]. By taking into account the symmetry the P63mc of wurtzite structure ZnO 

and GaN, the piezoelectric polarization is related to strain as, 
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The piezoelectric polarization induced in the basal plane is given by, 

     (2.35) 

The presence of strong spontaneous Psp and piezoelectric Pzp polarization fields along the 

[0001] growth direction hampers performance of the materials under study especially for 

device applications. Due to the strong internal fields, the quantum wells (QW) which are 

used in the active region of optical emitter devices have a triangular profile[7] which 

affects the optical transition processes. These electric fields spatially separate the electron 

and hole wavefunctions in the QWs, limiting the optical efficiency of c-plane devices. 

Additionally the quantum-confined Stark effect results in peak emission wavelength 

decreasing with increasing drive current[7]. Also, since the presence of charge is linked 

with free carriers in a device, a potential increase in charge carriers would lead to a 

decrease in the contact resistance of LEDs, a reduction in the turn-on voltage and series 

resistance and would allow production of LEDs with higher optical efficiency. One way 

to circumvent spontaneous polarization is to use wurtzite materials that have either no 

polarization or reduced polarization in the growth direction. Schematic views of the 

wurtzite crystal planes which are either perpendicular or inclined to the [0001] crystal 

direction are shown in figure 2.24(b-f). There are two surfaces perpendicular to the c-axis 

which have equal numbers of atoms of each element forming a binary wurtzite 

semiconductor. These form the non-polar surfaces: (11-20) or a-plane, and (1-100) or the 

m-plane. Growth of thin films with either (11-20) or (1-100) oriented growth planes are 

highly desirable since they do not possess a spontaneous polarization field. Alternatively,  
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Figure 2.24 Schematic views of : (a) the polar (0001) plane; (b, c) the nonpolar (1120) 

and (1100) planes; and (d–f) the semipolar (1013), (101 1) and (1122) planes[8]. 

 

inclined surfaces such as (10-13), (10-1-1) and (11-22) are known to have lower 

polarization fields and are known as semi-polar surfaces[8].  
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Chapter 3: Experimental  

3.1 Growth Techniques 

 Epitaxy of ZnO and GaN films is a key factor for the development of numerous 

device applications of GaN and ZnO. Hence, development of the growth technique for 

high quality epitaxial films is highly necessary. Among the various kinds of epitaxy 

technique for semiconductor films developed so far, physical vapor deposition (PVD)-

based epitaxy technique has been revealed to be the best method for growing high quality 

ZnO film and related alloys, while chemical vapor deposition (CVD)-based epitaxy 

technique has been proved to be the best method for growth of high quality GaN film and 

related alloys. In this work, the GaN nucleation layers were grown by Metalorganic 

Chemical Vapor deposition at Kopin Corporation. The ZnO films studied were deposited 

by Pulsed Laser Deposition in our laboratory at NCSU. 
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3.1.1  Metal Organic Chemical Vapor Deposition (MOCVD) 

 MOCVD is a nonequilibrium growth technique that relies on vapor transport and 

subsequent reactions of group III alkyls and group V hydrides into a heated zone. The 

group III sources are either organometalic liquids or solids. The organometalic sources 

are stored in bubblers through which a hydrogen carrier gas flows. The carrier gas 

saturates with vapor from the liquid and transports the vapor to the substrate. 

Composition and growth rate are established by precisely controlling the flow rate and 

dilution of the various components of the gas stream. The substrate rests on a block of 

graphite called a susceptor that can be heated either by a radio-frequency (RF) coil, 

electrically, or radiantly by a strip heater. In MOCVD GaN films are grown on sapphire 

at atmospheric pressure or at low pressure. The source materials generally used are 

trimethylgallium (TMGa) for Ga and ammonia for nitrogen [1]. The basic MOCVD 

reaction describing the GaN deposition process is, 

 Ga(CH3)3(v) + NH3(v) → GaN(s) + 3CH4(v)    (3.1) 

Mg is widely used as a p-type dopant and Si as an n-type dopant. Biscyclopentadienyl 

(Cp2Mg) is used as a source of Mg [2] and methyl silane (MeSiH3) as a source of Si. 

 Good epilayers of III-nitrides on sapphire substrates can be grown by MOCVD if 

the growth is performed in two steps [3]. In the first step a thin GaN or AlN nucleation 

layer (NL) is grown at a low temperature. The main film is grown in the second step at a 

higher temperature. The two-step procedure has become a standard method for III-V 

growth by MOCVD. A two-flow MOCVD reactor as shown in figure 3.1 was used for 

growth of GaN nucleation as well as subsequent layers. It helps in the growth of a high 

quality film uniformly over the substrate. As suggested by the nomenclature it has two  
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Figure 3.1 Schematic two-flow MOCVD reactor for GaN growth. 

 

different gas flows. Figure 3.2 shows a schematic diagram of the principle of two-flow 

MOCVD. There is a main flow through the quartz nozzle which carries the reactant gas 

across(parallel) to the substrate with a high velocity. A secondary nozzle directs a flow of 

inactive gas(subflow) perpendicular to the substrate for the purpose of changing the 

direction of the main flow to bring the reactant gas into contact with the substrate. The 

subflow is very important. Without it, a continuous film cannot be obtained and only the 

growth of a few islands is obtained on the substrate. The subflow suppresses 3D growth, 

promotes 2D growth and improves the quality of GaN epilayers [4]. The lateral growth 

rate of GaN using this system is larger in comparison to that of a conventional MOCVD 

system. 
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Figure 3.2 Schematic illustrating the principle of two-flow MOCVD 
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3.1.2  Pulsed Laser Deposition 

 Pulsed laser deposition (PLD) is a thin film deposition (specifically a physical 

vapor deposition, PVD) technique where a high power pulsed laser beam is focused 

inside a vacuum chamber to strike a target of the desired composition. Material is then 

vaporized from the target and deposited as a thin film on a substrate. This process can 

occur in ultra high vacuum or in the presence of a background gas[1]. PLD has emerged 

as a versatile film growth technique, which is reflected in the large number of materials 

deposited by PLD [2]. For many materials PLD has been established as a technique 

offering superior film properties (both structure and electrical transport) in comparison to 

films deposited by other physical vapor deposition techniques[3,4]. This is especially 

evident in the use of PLD for the heteroepitaxial growth of multicomponent metal oxides. 

Metev and Meteva[5] have suggested theoretically that the properties of films deposited 

by PLD are derived from the fact that the vapor has a high degree of supersaturation 

(10
5
J/mole), a high degree of ionization (~50%) and a high mean kinetic energy. It must 

be borne in mind that the ambient growth conditions do affect the ion fraction and the 

kinetic energy of the evaporated material. Some of the advantages of the PLD technique 

are listed below. 

 The high energy of the plume makes PLD a highly non-equilibrium processing 

technique. Using PLD it is possible to form complex metastable phases that would 

otherwise be difficult to form by equilibrium synthesizing routes. 

 For multi-component systems like YBCO, the high energy of the plume helps to 

maintain the target stoichiometry in the film[6]. The forward directed nature of the 

plume in PLD is responsible for maintaining stoichiometry[7,8]. Due to the high 
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 energy density of the laser the material removal from the target is so fast that the 

vapor pressures of the individual components do not play a role. 

 Processing temperatures are reduced due to the high energy of the plume as is 

demonstrated by the epitaxial growth of TiN  on Si at 600 C by PLD[9] compared 

to a growth temperature of 900 C by CVD.  

 Multi-layered thin film heterostructures can be easily synthesized by PLD. The 

target carousel can be suitably manipulated to hold multiple targets thereby 

enabling deposition of multi-layered films without breaking the vacuum. The 

epitaxial growth of PZT/YBCO/STO/MgO/TiN/Si(100) has been demonstrated by 

Sharma et al[10]. 

 Conceptually any material can be ablated to deposit a thin film as long as it has a 

large enough absorption coefficient for the laser used[11].  

 The deposition rate of the film can be controlled by controlling the repetition rate, 

the energy density and the substrate to target distance. PLD allows for a higher 

nucleation site density compared to MBE or sputtering deposition. The 

smoothness of the film can be improved by controlling the impingement rate and 

by increasing the nucleation site density. 

 In PLD the energy source is placed externally. The vacuum chamber is devoid of 

filaments and other sources of contamination, thereby resulting in a clean process 

environment. The interaction between the laser and the gas species in the vacuum 

chamber is minimal. This means that the dynamic range of deposition pressures 

can be high, resulting in less stringent vacuum requirements. Also the spatial 

confinement of laser-solid interaction and the subsequent plume render PLD a  
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clean process and the deposited films have relatively low contamination 

levels[11]. 

 Unfortunately, due to the forward-directed nature of the laser deposition process, 

there is spatial non-uniformity of the deposited films. The area of deposition by PLD is 

relatively small(~1cm x 1cm). Deposition on larger substrates and uniformity in film 

thickness can be achieved by rastering the laser beam over a large target and/or rotation 

and translation of the substrate[12]. Another important drawback of PLD is the formation 

of chunks (few micron sized particulates or globules of molten materials) during ablation, 

which can prove to be detrimental to the quality of the film[13]. They are formed due to 

improper ablation which involves various mechanisms such as subsurface boiling, 

expulsion of the liquid layer by shock wave recoil and exfoliation[7,8,11,13]. The size 

and number of chunks can be minimized by careful manipulation of laser 

parameters[11,13], and by increasing the absorption coefficient and thermal conductivity 

of the target material. A compact target with better cohesion of the grains also reduces 

emission of chunks. Unfortunately, one of the main advantages of PLD for producing 

stoichiometric multicomponent oxide films (that is, high operating pressures of oxygen) 

excludes the use of most in situ surface-sensitive techniques such as electron diffraction. 

Under certain deposition conditions reflection high-energy electron diffraction (RHEED) 

can be used to monitor in situ the growth of thin films by PLD.  Conceptually and 

experimentally PLD is the simplest among all film growth techniques. Figure3.3 shows a 

schematic of the experimental set up for PLD which has three major components: a laser 

source, focusing optics and the deposition system.  
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Figure3.3 Schematic of the experimental set up for PLD 

 

Lasers  For thin-film growth by PLD, the useful range of laser wavelength lies 

between 200 nm and 400nm. Absorption coefficients tend to increase as one moves to the 

short wavelength end of this range as a result of which the penetration depths into the 

target are greatly reduced. Consequently thinner layers of the target are ablated at 

wavelengths close to 200nm. The stronger absorption at shorter wavelengths also results 

in a decrease in ablation fluence thresholds. Most of the work with laser deposition has 

used either excimer  or  Nd
3+

:YAG lasers as the deposition source. Nd
3+

:YAG lasers are 

solid-state systems while excimer lasers are gas laser system. The neodymium ions serve 
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 as the active medium and are present as impurities in the YAG (yttrium aluminum 

garnet) host. The neodymium ions are pumped into their upper states by flashlamps. The 

fundamental emission of Nd
3+

:YAG occurs at 1064nm. Using a nonlinear crystal the 

1064 nm output can be frequency doubled with about 50% power conversion efficiency 

yielding an output at 532nm. To produce light in the UV range the the 532nm output is 

mixed with the residual 1064nm light or frequency doubled again. The resulting outputs 

at 355nm or 266nm are produced with the respective efficiencies of ~ 20% and 15% 

relative to the fundamental.  

 Excimer lasers which are pulsed and emit directly in the UV range have emerged 

as the most widely used lasers for PLD. Table 3.1 lists the wavelengths of commercially 

available excimer lasers. KrF has the highest gain for electrically discharged pumped 

excimer lasers and is therefore the most commonly used. In the excimer laser light output 

is derived from a molecular gain medium in which the lasing action occurs between a 

bound upper electronic state and a repulsive or weakly bound ground electronic state. 

Because the ground state is repulsive, the excimer molecule dissociates rapidly (~ 10
-13

s) 

emitting a photon during transition from the upper state to the ground state. Population 

inversion and high gain are easily achieved in excimer lasers because of the high ratio of 

upper state lifetime compared to lower state lifetime. Figure 3.4 shows a potential energy 

diagram for the excimer laser. The excimer molecules are formed in a gaseous mixture of 

their component gases, such as Kr, F2 and Ne in the case of KrF. Energy is pumped into 

the gas mixture through avalanche electric discharge excitation. The pumping creates 

ionic and electronically excited species that react chemically and produce the excimer 

molecules. 
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  Table 3.1 Excimer Laser Operating Wavelength 

     

 Excimer Wavelength (nm) 

F2 157 

ArF 193 

KrCl 222 

KrF 248 

XeCl 308 

XeF 351 

 

Some of the important reactions leading to the formation of KrF excimer are: 

  Kr + e
-
   Kr

+
, Kr*, Kr2

+
        (* denotes electronically excited species  

           and X denotes a third body (He, Ne)) 

  F2 + e
-
     F + F

-
   

  Kr
+
 + F

-
 + X     KrF* + X 

  Kr2
+
 + F

-
     KrF* + Kr 

  Kr* + F    KrF* + F       (3.2) 

                                      

          Figure 3.4  Schematic diagram of the electronic potential of the KrF  excimer. 
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Once the excimer is formed, it will decay via spontaneous emission and collisional 

deactivation giving the molecule a lifetime of ~ 2.5ns. Output energies of several hundred 

mJ/pulse dictate an excimer population density of ~ 10
15

/cm
3
. For lasing action to occur 

the formation rate of the ionic and excited precursors must be fast enough to produce 

excimers at a rate of several 10
23

/cm
3
/s. Because the excimer is stabilized by a third body, 

the fast kinetics involved in producing the excimers require total gas pressures in the 

range of 2 to 4 atmospheres within the discharge volume. Other discharge parameters are 

electron densities on the order of 10
15

/cm
3
, current densities of 10

3
A/cm

2
, and electron 

temperatures of approximately 1200K. These requirements are met with electric 

discharge field strengths of 10-15kV/cm. As a result the discharge electrode spacings are 

limited to 2-3cm and the discharge voltages can be in the range of 20-45kV.  

 Optics Optical elements are used to steer and focus the laser beam between the 

laser port and the deposition chamber. The optical elements that couple the energy from 

the laser to the target are lenses and apertures; mirrors; beam splitters and laser windows. 

The most important among the optical elements are the lenses. The main function of the 

lens is to collect the radiation from a point source (laser) and focus it to a corresponding 

point on the target to achieve the required energy density for ablation. Spherical lenses 

are widely used in PLD, chiefly because they magnify in two orthogonal planes and 

hence a point source is imaged as a point. Cylindrical lenses have magnification in one 

plane only and can change the height of an image without changing its width, imaging a 

point source as a line. They can be used to change the shape of the laser beam. When 

making a lens selection it is important to bear in mind the transmittance range of the 

material of the lens. Table 3.2 lists some of the lens material and their transmittance  
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range. To achieve optimum energy density at the target surface lens aberration and coma 

have to be overcome. To overcome spherical aberration a planoconvex lens with the 

convex surface facing the laser beam can be used for condensing the beam. It also divides 

the refraction as equally as possible between the lens surfaces. If the lens is placed with 

the plane surface towards the laser, the beam would pass through the plane surface 

without refraction, resulting in image degradation. The other lens aberration, coma results 

in variation of the focal length of the lens as a function of the distance from the lens axis. 

 Table 3.2 Transmittance Range for various Lens and Window Materials 

Materials Transmittance Range (nm) 

Magnesium Fluoride 140-7500 

Sapphire 150-5000 

Calcium Fluoride 150-8000 

UV-grade fused silica 190-2500, 2600-4000 

Borosilicate crown glass 315-2350 

Zinc sulphide 400-12000 

Zinc selenide 550-16000 

 

Placing an aperture before the lens can help keep the deviation from the lens axis to a 

minimum. Alternatively, it can be taken care of by ensuring that most of the beam passes 

through the center of the lens, avoiding thin edges. The lens diameter should be at least 

1.5 times the 1/e
2
 Gaussian laser beam diameter so that 99% of the beam passes through 

the lens. The laser window through which the laser beam enters the deposition chamber  
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should be made of laser quality optical material and should be polished to a very high 

degree of flatness, 1/8 to 1/20 wave and must be free of defects like bubbles and 

inclusions which can deteriorate the beam quality.  

 Deposition System The main components of the deposition system are: 

chamber, manipulated multitarget holder, substrate holder, heater, pump, gas flow and 

vacuum gauge the details of which can be found in [11]. 

 

3.1.2.1 Physics of Pulsed Laser Deposition 

 When laser radiation is absorbed by a solid surface, electromagnetic energy is 

converted first into electronic excitation and then into thermal, chemical and mechanical 

energy to cause evaporation, ablation, excitation and plasma formation. The „evaporants‟ 

form a plume consisting of a mixture of energetic species including atoms, molecules, 

electrons, ions, clusters, micron-sized particulates and molten globules. The collisional 

mean free path inside the plume is very short. As a result, immediately after the laser 

irradiation, the plume rapidly expands from the target surface into vacuum to form a 

nozzle jet with hydrodynamic flow characteristics[11].   

 To understand the physics of the laser-deposition process one needs to consider 

evaporation of the target material, formation of a high-temperature plasma by absorption 

of the laser energy by the evaporated material and expansion of the plasma. Depending on 

the type of interaction of the laser beam with the target, Singh et al[7,8] have proposed a 

model in which they have classified the PLD process into three regimes:  

 interaction of the laser beam with the target material which causes evaporation of 

the surface layers – Evaporation Regime 
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 interaction of the evaporated material with the incident laser beam resulting in an 

isothermal plasma formation and expansion – Isothermal Regime 

 anisotropic three-dimensional adiabatic expansion of the plasma leading to the 

characteristic forward-directed flow – Adiabatic Regime.  

 The first two regimes occur during the length of the laser pulse duration and the 

last regime starts after the laser pulse terminates. It has been suggested by Singh et al that 

the target evaporation can be considered to be thermal in nature, whereas the interaction 

of the laser beam with the evaporated material gives athermal characteristics to the 

species in the plasma. Each of the three regimes of the PLD process is discussed in detail 

in the following. 

3.1.2.1.1  Interaction of laser beam with the target 

 The interaction of the laser beam with the target can be divided into two parts: (i) 

interaction of the laser beam with the bulk target (ii) interaction of the laser beam with the 

evaporated material from the target. The target material is in most cases a sintered bulk 

target with a varying degree of porosity depending upon the fabrication conditions. The 

bulk targets are metallic and have high carrier concentration at room temperature 

(~10
21

/cm
3 

) and posses low reflectivity to excimer laser radiation (R~0.1). The roughness 

of the target leads to a higher coupling of the laser beam with the material. The thermal 

history (heating, melting and evaporation) during pulsed laser evaporation depends on the 

laser parameters (pulse energy density E, pulse duration , shape and wavelength) and the 

temperature-dependent optical (reflectivity, absorption coefficient) and thermophysical ( 

heat capacity, density, thermal conductivity, etc) properties of the material. The free-

carrier (hole) collisions provide the dominant mechanism for the absorption of the photon 

 



100 

 

energy, resulting in a high target absorption coefficient, t  10
5
 cm

-1
. The high coupling 

coefficient (1-R) and absorption coefficient of the target material with the laser beam 

combined with the low overall thermal diffusivity result in a low vaporization threshold. 

When energy densities above the vaporization threshold are applied the laser energy is 

absorbed in the surface layers (thickness ~ 1/ t), while intense heating leads to 

vaporization within a distance ~   (D ). The energy deposited by the laser beam is equal 

to the energy needed to vaporize the surface layers plus the conduction losses by the 

substrate and the absorption losses in the plasma. This can be written as:  

(1-R)[E-(conduction losses + plasma losses)] = xt[ Cp T + H],  (3.3)   

where R is the reflectivity, E the incident laser energy, and , Cp, T and H are the mass 

density, heat capacity, temperature rise and volume latent heat of the target material 

respectively. The heat conduction losses and the plasma absorption losses represent the   

threshold energy for evaporation. xt corresponds to the thickness of the target material 

evaporated per pulse and is given by: 
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t

))(1((

       (3.4)  

This equation is valid when the thermal diffusion distance is much larger than the 

absorption length. This is true for metallic solids and semiconductor materials. If Eth is 

independent of E, the equation shows a linear dependence in the evaporated thickness of 

the target. At higher energy densities it has been observed that the evaporated thicknesses 

does not show a linear relationship due to a change in the plasma losses and variation in  
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the reflectivity term. When the thermal diffusion distance is less than the absorption 

depth, thermal diffusivity does not play a major role and the evaporation depth is 

dependent on the attenuation distance of the laser beam. This gives a logarithmic 

dependence of the evaporated depth with energy density. This is the case for polymers 

and nonmetallic solids. 

3.1.2.1.2  Interaction of laser beam with evaporated material 

 The interaction of nanosecond high-powered laser beams with the bulk target 

leads to very high surface temperatures (>2000K), which results in emission of positive 

ions and electrons from the free surface [14,15,16,17]. The emission of electrons from a 

solid surface is described by Richardson‟s equation which shows an exponential increase 

in electron emission with temperature. The Langmuir-Saha equation,  

 
kT

I

g

g

i

i )(
exp

00        (3.5)  

gives the thermionic emission of ions and also shows an exponential increase with 

temperature. In this equation i+ and i0 are the positive and neutral ion fluxes leaving the 

surface at temperature T, g+ and g0 are the statistical weight of the ionic and neutral states, 

 is the electronic work function and I is the ionization potential of the material leaving 

the surface. Since I > , the fraction of ionized species increases with increasing 

temperature. Secondary ionization during ion bombardment has been modeled by the 

formation of a surface plasma layer consisting of atoms, ions, molecules and electrons in 

local thermodynamic equilibrium[18]. Besides impact ionization other mechanisms like 

photoionization, thermal ionization of photon-activated species and electronic excitation 

may affect the concentration of excited species[8]. Although, the surface temperature of 
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the target is close to the vaporization temperature, higher temperature can be induced in 

the evaporated plasma by the interaction of laser beam with it. The penetration and 

absorption of the laser beam by the plasma depends on the electron-ion density, 

temperature, and the wavelength of laser light[20,21,21].  The penetration of the laser 

light depends on the plasma frequency p, which should be lower than the laser frequency 

and is given by, 

 p = 8.9 x 10
3
 ne

0.5
        (3.6)  

where ne is the electron concentration in the plasma.  

 The initial temperature of the evaporated material depends on the absorption of 

laser energy by the plasma which depends on the concentration of the ionized species, 

plasma temperature, wavelength, pulse duration etc. The particle density in the plasma 

depends on the degree of ionization, evaporation rate and the plasma expansion velocities.  

The primary absorption process for an ionized plasma is due to electron-ion collision 

[16,17] and occurs by an inverse Bremsstrahlung process, which involves the absorption 

of a photon by a free electron. During initial stages of the laser pulse when very low 

electron and ion densities and a large number of neutral atoms are present, free-free 

transitions involving neutral atoms may provide the primary absorption mechanism. With 

a slight increase in ion density, the free-free transitions involving ions take over and 

become the dominant mechanism for laser absorption. The absorption coefficient p (cm
-

1
) of the plasma for free-free transitions involving ions can be expressed as  

 
)]/exp(1)[/(1069.3 35.0238 kThTnZ ip     (3.7) 

 

where Z, ni and T are respectively, the average charge, ion density and temperature of the  
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plasma and h, K and  are the Planck constant, Boltzman constant and frequency of the 

laser light respectively. The laser energy is highly absorbed if pX is large, where X is the 

dimension perpendicular to the target of the expanding plasma. Since the absorption 

coefficient is proportional to ni
2
, the plasma absorbs incident laser energy at distances 

very close to the target where the density of ionized species is high. The term [1-exp(-

h )/kT] represents the losses due to stimulated emission which is dependent upon the 

plasma temperature and the laser wavelength.  The absorption term shows a T
-3/2

 

dependence at high temperatures (T  40000K) and T
-0.5

 dependence at low temperatures 

(T  40000K). The frequency dependence of p changes from 
2
 to 

3
 depending on the 

value of h /kT. 

 Because of the large pressure gradients present near the outer edge (vacuum) of 

the plasma very high expansion velocities are induced at this edge. As a result, the 

electron and ion densities decrease very rapidly with time and make the outer edge 

transparent to the laser beam. On the other hand, the inner edge of the plasma close to the 

target surface is constantly augmented by the evaporated material during the time of the 

laser pulse. This produces a high density of ions which constantly absorb the laser 

radiation during the time interval of the laser pulse.  

 During the incidence of the laser pulse four separate regions can be distinguished: 

(i) unaffected bulk target, (ii) evaporating target surface, (iii) area near the surface 

absorbing the laser beam, and (iv) rapidly expanding outer edge which is transparent to 

the laser beam. Figure 3.5 shows a schematic of the laser interaction with the target.     
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Figure 3.5 Schematic diagram showing the different phases present during laser 

irradiation of a target:  (A) unaffected target (B) evaporated target material (C) dense 

plasma absorbing laser radiation and (D) expanding plasma outer edge transparent to 

the laser beam. 

 

 A dynamic equilibrium exists between the plasma absorption coefficient and the 

rapid transfer of thermal energy into kinetic energy. These two mechanisms control the 

isothermal temperature of the plasma near the target surface. At higher energy densities 

when an appreciable amount of energy is absorbed by the plasma a self-regulating regime 

may exist near the target surface. If the absorption of the laser light by the plasma 

becomes higher (due to lowering of the temperature), the evaporation of the species from 

the target becomes less, thus decreasing the density of the ionized species. This in turn  
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increases the absorption of laser energy and the temperature of the plasma. If the 

absorption of the laser energy is less, the process is reversed. It has been theoretically 

shown that the density, temperature and the dimension of the plume adjust in such a  

manner that the plasma absorbs the same amount of laser radiation to maintain a self- 

regulating regime.    

 The plasma which absorbs the laser energy can be simulated as a high-pressure, 

high-temperature gas, which is initially confined in small dimensions and is suddenly 

allowed to expand in vacuum. The equations of gas dynamics have been used to simulate 

the gas expansion, where the density and pressure profiles in the plasma are assumed to 

show an exponential decrease with distance from the target surface. The density (n) of the 

plasma at any point (x,y,z) at time t can be expressed as a Gaussian function given by, 

    (3.7) 

Where NT is the total number of evaporated particles at the end of the laser pulse (t = ). 

X(t), Y(t) and Z(t) are the dimensions of the expanding plasma in the three orthogonal 

directions and correspond to the distance at which the plasma density decreases to 

60.65% of the inner  edge value (maximum density). Since the evaporation rate is 

constant, a linear increase in number of particles in the plasma during the time of 

incidence of the laser pulse is incorporated in the equation. The initial dimensions of the 

plasma are of the order of mm in the transverse directions, whereas they are less than  

1 m in perpendicular direction. Since the velocities are controlled by the pressure 

gradients, the plasma expansion is anisotropic in the direction perpendicular to the target. 

Figure 3.6 shows a schematic profile of the density, pressure and velocity gradients in the 

plasma in the x direction. 
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Figure3.6 Schematic profile of the density(n), pressure(P) and velocity(v) gradients 

in the plasma in the x direction which is perpendicular to the target surface. The density 

and plasma gradients are monotonically decreasing from the target surface with a linear 

increase in the velocity. 

 

3.1.2.1.3  Adiabatic plasma expansion and deposition of thin films 

 The adiabatic expansion of the plasma occurs after the termination of the laser 

pulse when no particles are evaporated or injected into the inner edge of the plasma. In 

the adiabatic expansion of the plasma the temperature can be related to the dimensions of 

the plasma by the thermodynamic equation given by, 

      (3.8)   

where  is the ratio of the specific heat capacities at constant pressure and volume. In the 

adiabatic expansion regime, the thermal energy is rapidly converted into kinetic energy, 

with the plasma attaining extremely high expansion velocities. The acceleration of the  
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plasma depends upon the temperature and dimensions of the plasma, and mass of the 

species. In this regime the initial transverse dimensions (Y or Z ~ 1-4 mm) are much 

larger than the perpendicular dimension (X ~ 20-100 m) which corresponds to the 

expansion length in the isothermal regime. As the velocities are dictated by these lengths, 

the highest velocities are attained in the direction of the smallest dimension. This gives 

rise to the characteristic shape of the plasma elongated outward from the surface. This is 

shown schematically in figure 3.7 (a) and (b). 

                                

Figure3.7 Schematic diagram showing the initial elliptical plasma shape after 

termination of the laser pulse, and (b) the final shape of the plasma before it strikes the 

substrate. 
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3.2 Experimental Techniques 

 Thin films in this study have been characterized on the basis of their crystal 

structure, optical, and electrical properties. In this section, the various characterization 

techniques used are reviewed and discussed briefly including basic principles and 

applications in materials science of thin film. These techniques include,  

1. X-ray diffraction  

2. Transmission Electron Microscopy  

3. Absorption and Photoluminescence Spectroscopy  

4. Raman Spectroscopy 

5. Electrical Resistivity (Electrical) 
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3.2.1 X-ray Diffraction[1,2] 

3.2.1.1 Basic Principle 

 X-ray diffraction involves probing a crystal with x-ray radiation having a 

wavelength (λ) close to the crystal lattice spacing, as shown in figure 3.8. X-rays are 

generated by bombarding a metal (typically Cu) with electrons in an evacuated tube [4] 

and monochromatic x-rays are usually selected. These x-rays are scattered by the electron 

cloud surrounding each atom in the crystal. When the path difference AB (nλ) between 

the scattered x-rays is equivalent to 2d sin θ constructive interference occurs (figure 3.8). 

This is the basis of Bragg‟s law, which relates the spacing between the „planes‟ of atoms 

from which diffraction is occurring (d) to the angle (θ) at which the incident 

monochromatic beam must probe the plane to give constructive interference:  

nλ = 2d sin θ                                                        (3.9) 

 

            

 

 

Figure3.8  Schematic of x-ray diffraction; (a) illustration of the conditions required 

for Bragg diffraction to occur and (b) relationship of the incident (k0), diffracted (kh) and 

scattering (S) vectors with respect to the crystal. Planes of atoms are indicated by dotted 

lines; these are not necessarily parallel to the sample surface. 
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 X-ray analysis is based on the fact that, when a parallel and monochromatic X-ray 

beam with a wavelength λ and angle of incidence θ is diffracted by a set of planes, 

oriented in specific directions, there are sharp peaks corresponding to the spacing 

between the planes d, when Bragg‟s law is satisfied. Experimentally, the angle 2θ is 

measured. These peaks are characteristic to the material and the crystal structure. The 

crystal structure of a specific material determines the diffraction pattern, and in particular 

the shape and size of the unit cell determine the relative intensities of these lines.  

 In practice, a crystal rarely gives very sharp diffraction peaks. Instead, the peaks 

are broadened in reciprocal space by microstructural defects, the instrumental resolution 

and the macroscopic size and shape of the sample (such as wafer bending). Broadening in 

reciprocal space (as measured in XRD scans) can be defined as s, where the scattering 

vector s = 1/d = 2(sinθ)/λ. The scattering vector s is the „probe‟ used to investigate the 

reciprocal lattice and its length can be altered by changing the angle 2θ. The direction, or 

orientation, of s is scanned by changing ω, the angle at which the incident beam meets 

the sample surface (the value of ω will differ from that of θ - the angle at which the 

incident beam meets a crystal plane - when the planes are not parallel to the sample 

surface). Features in the real sample cause broadening in reciprocal space according to the 

following relationships 

  

  

           (3.10)  

Broadening due to the limited size (L) does not vary with distance from the origin (it is  
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independent of s), the broadening due to lattice tilt or twist ( ), microstrain ( ), or 

composition /strain gradients is dependent on s and increases with increase in the distance 

of the scattering vector from the origin. The limited size refers to a short x-ray correlation 

length, typically produced due to a small crystallite size, short average distance between 

dislocations or limited film thickness. Microstrain refers to small-scale strain variations 

due to local variations in the microstructure, for example dislocations.  

 The intensities of the diffracted beams are determined by the positions of the 

atoms in the unit cell. It is difficult to establish an exact relationship between intensity 

and atom positions because of many variables involved since the X-rays are scattered by 

electrons, by atoms, and by all the atoms in the unit cell. When a monochromatic beam of 

X-rays strikes an atom, two scattering processes occur. Tightly bound electrons are set 

into oscillation and radiate X-rays of same wavelength as that of the incident beam 

(coherent scattering). More loosely bound electrons scatter part of the incident beam and 

slightly increase their wavelength with an amount depending on the scattering angle 

(incoherent angle). Since the intensity of the coherent scattering is inversely proportional 

to the square of the mass of the scattering particle, the net effect is that coherent scattering 

by an atom is due only to the electrons contained in the atom. The atomic scattering factor 

f, describes the efficiency of scattering of a given atom in a given direction, where f ~ 

sin / . The values for f for various atoms and various values of sin /  are tabulated. The 

coherently scattered radiation from all the atoms reinforce producing constructive 

interference in certain directions, and thus giving diffracted beams.  

 There are six factors affecting the relative intensities of the diffraction lines: (1) 

polarization factor, (2) structure factor, (3) multiplicity factor, (4) Lorenz factor, (5) 
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absorption factor, and (6) temperature factor. Thus, the equation for relative intensity of a 

diffraction line is given by: 

       (3.11) 

In equation 3.11, F is the structure factor accounting for the resulting contribution of a 

unit cell for a specific hkl reflection. It is the ratio of the amplitude scattered by the unit 

cell to the amplitude scattered by one electron in the same direction. The multiplicity 

factor p accounts for the relative proportion of the planes contributing for same reflection, 

and can be defined as the number of different planes in a form, having same spacing. 

(Example: p=6 for {100}planes in a cubic crystal, and p=8 for the {111}planes; for a 

tetragonal crystal p=4 for {100} planes and p=2 for {001} planes). The expression 

(1+2cos
2

) in the numerator in equation 3.11 is the polarization factor. It arises from the 

fact that the incident X-ray beam is not polarized. The term in the denominator is the 

Lorenz factor and it is a sum of three factors: (1) the value of maximum intensity Imax 

depends on the angular range of crystal rotation over which the energy diffracted in the 

direction 2  is appreciable, and depends as ~1/sin , and therefore Imax is large at low 

scattering angles, and small at large scattering angles; (2) the number of microcrystallites 

favorably oriented for reflection is proportional to cos  and is quite small for high angles 

of reflections; and (3) geometrical factor giving the length of any diffraction line as 

proportional to Rsin2 , where R is the radius of the camera, and hence the relative 

intensity per unit length of the line is proportional to 1/sin2 B. The whole term in brackets 

in equation 3.11 is called the Lorentz polarization factor and it is plotted in figure 3.9. 

The overall effect of these geometrical factors is the reduction of reflection intensities at  
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intermediate angles compared to those in forward or backward directions. The absorption 

factor causes a reduction in the intensity of the diffraction beam due to absorption of the 

incident beam and is offset by the temperature factor due to the thermal vibration of 

atoms, since the two factors depend on the scattering angle in opposite ways. 

                   

          Figure 3.9  Lorentz-polarization factor vs. Bragg angle(..) 

 

3.2.1.2  Diffractometers 

 Diffractometers generally contain an x-ray source and a detector along with 

incident and/or diffracted beam conditioners (such as slits to limit the beam divergence 

and a monochromator to filter out extraneous wavelengths). The beam conditioners 

control the divergence and wavelength spread of the beam by a combination of diffracting 

elements and angular limiting apertures.  Although most x-ray detectors are linear to ∼10
5
 

counts per second (cps), an automatic absorber can be fitted to extend the linear range to 

10
7
 cps or higher. Figure 3.10 shows a schematic of a powder diffractometer (high  
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incident beam divergence,  ~ 0.5 ) and high-resolution diffractometer (  ~ 0.03 ). In 

most high-resolution diffractometers, the beam monochromator and precision goniometer 

are present but the analyser crystal may be optional. A primary monochromator 

eliminates unwanted wavelengths, reduces wavelength spread and reduces the incident 

beam divergence. With an open detector, this forms a „double axis‟ instrument. However,  

 

 

Figure 3.10 Example geometries for (a) powder diffraction (no incident beam 

monochromator) and (b) high-resolution diffraction (incident beam monochromator and 

precision goniometer present, analyser crystal optional). 

 

the addition of an analyser crystal before the detector to define the direction of 2θ gives a  

 „triple-axis‟ instrument with good resolution in 2θ, although with lower intensity. 

 

3.2.1.3  Scan Types 

The analysis of the epitaxial  structures by x-ray diffraction is enabled by different scan 

types. The scan types used in this work are listed below:  

 2θ–ω or 2θ–  The sample (or the x-ray source) is rotated by ω or( ) ( ω 

refers to the angle between the incident beam and the sample surface) and the  
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detector is rotated by 2θ (2θ refers to the angle between the incident and 

diffracted beams) with an angular ratio of 1 : 2. In reciprocal space, the 

scattering vector s moves outwards from the origin. The length of s changes, 

but its direction remains the same and depends on the offset. For 2θ–ω scans, 

the x-axis is in units of 2θ. When there is no offset and ω = θ this is a 

symmetrical scan (θ–2θ) which is vertical in reciprocal space. High-resolution 

2 -  scans are used to determine the lattice parameters from which strain in 

the films can be determined.  

 ω-scan The detector remains stationary and the sample is rotated about the 

ω axis. In reciprocal space, s traces an arc centred on the origin. The length of 

s stays the same, but its direction changes. The broadening of the diffraction 

peaks in an -scan gives information about the mosaicity (misorientation of 

crystallites), strain and limited layer thickness.   

 Φ-scan Rotation of the sample about the υ axis (usually in the plane of the 

sample). The length of s stays the same, but the sample is moved, bringing the 

reciprocal lattice spot through s so that the direction of s changes with respect 

to the sample. Φ-scans are used to determine the orientation relationship 

between the film and the substrate.    

 sin
2

 method The method relies on the measurement of X-ray lines 

diffracted from lattice planes with different orientations (  ) with respect to 

the surface normal. The d
hkl

 is measured at different  using a reflection hkl. 

A plot of d
hkl

 versus sin
2

 (sin
2

 plot) yields a straight line. The straight line  
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can be extrapolated to determine the planar spacing for hkl reflections at an 

angle  of  90 degree from the surface normal. 
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3.2.2 Transmission Electron Microscopy (TEM)[1,2,3,4]  

 Transmission Electron Microscopy (TEM) is an analytical technique for 

microstructural characterization of materials. It enables the investigation of crystal 

structures, orientations and chemical compositions in phases, precipitates and 

contaminants through diffraction pattern, x-ray, and electron-energy analysis. Variations 

in the intensity of electron diffraction across a thin specimen, called “diffraction 

contrast,” is useful for making images of defects such as dislocations, interfaces, and 

second phase particles. Beyond diffraction contrast microscopy, which measures the 

intensity of diffracted waves, in “high-resolution” transmission electron microscopy 

(HRTEM) the phase of the diffracted electron wave is preserved and interferes 

constructively or destructively with the phase of the transmitted wave. This technique of 

“phase-contrast imaging” is used to form images of columns of atoms. High-resolution 

images are most useful for identifying individual defects in crystals, and for studying 

atomic arrangements at interfaces. In scanning transmission electron microscopy Z 

contrast imaging (STEM Z) high-resolution images of atom columns is possible by 

collection of high-angle Rutherford-scattered electrons by a high-angle annular dark-field 

detector. STEM Z can provide strong compositional sensitivity at the atomic level. High-

energy electrons in TEM cause electronic excitations of the atoms in the specimen.  The 

STEM mode can be used to obtain chemical information from electronic excitations using 

either: (a) energy-dispersive x-ray spectrometry (EDS), wher an x-ray spectrum is 

acquired from small regions of the specimen illuminated with a focused electron beam, 

usually using a solid-state detector. Characteristic x-rays from the chemical elements are  
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used to determine the concentrations of the different elements in the specimen. (b) 

electron energy-loss spectrometry (EELS), where energy losses of the electrons are 

measured after the high-energy electrons have traversed the specimen. Information on 

local chemistry and structure is obtained from features in the EELS spectra caused by 

plasmon and core electron excitations. 

3.2.2.1  Principle of TEM 

 TEM is an electron-optical microscope that uses electromagnetic lenses to focus 

and direct an electron beam. Data is collected from the beam after it passes through the 

sample. According to Raleigh criterion the smallest distance that can be resolved is given 

approximately by: 

         (3.12) 

where,  is the wavelength of the radiation, μ the refractive index of the viewing medium, 

and ß is the semi-angle of collection of the magnifying lens. Due to the coherency of 

electron beam in TEM and the short wavelength of the accelerated electrons (  is in the 

order of hundredths of an A), the resolution limit is down to 1Å (for 1MeV electrons 

=0.0087A, and a=5x10
-3

 rad). 

 A TEM usually operates at 10
-6

 Torr in the column and 10
-7

 Torr in the electron 

gun chamber. Figure 3.11 (a) and (b) show the important components and the block 

diagram of a TEM. An electron gun is used to generate the electron beam. The 

illumination system of the TEM, takes the electrons from the electron gun and transfers 

them to the specimen through a system of multiple electromagnetic lenses and apertures 

as either a broad beam or a focused beam. The image system of the TEM (composed of 
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apertures, magnetic lens and screen) takes the electrons that are scattered from the 

specimen and forms the final image or diffraction patterns which can be collected by 

means of a fluorescent screen that is hit by the electron beam. The resulting image may be 

recorded on photographic film or with a CCD camera linked to a computer.  

          

   Figure 3.11 (a )Important parts of a TEM 
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  Figure 3.11 (b) Block diagram of typical TEM with STEM capability 

 

3.2.2.2  Diffraction and Image Modes 

Figure 3.12 shows the two basic operations of the TEM imaging system. The objective 

lens takes the electrons emerging from the exit surface of the specimen, disperses them to 

create a diffraction pattern (DP) in the back focal plane, and recombines them to form an 

image in the image plane. It is to be noted that for all imaging, the diffraction pattern is 

used to select electrons that have suffered particular angles of scatter to form images. To 

see the diffraction pattern the imaging system lenses are adjusted so that the back focal 

plane of the objective lens acts as the object for the intermediate lens. Then the diffraction  
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Figure 3.12 Ray diagram illustrating the projection of (a) the diffraction pattern on the 

viewing screen (b) the image onto the screen. 

 

pattern is projected onto the viewing screen, see figure 3.12(a). For the imaging mode, the 

intermediate lens is readjusted so that its object plane is the image plane of the objective 

lens. Then an image is projected onto the viewing screen, as shown in figure 3.12(b). 
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3.2.2.2.1 Diffraction Mode and Selected Area Diffraction 

 The most common diffraction mode is the so-called parallel beam mode, with 

angular dispersion ~10
-4

-10
-5

 rad, while for specific applications in convergent mode the 

angular aperture is of the order of 10
-2

 rad. The main features of the electron diffraction 

are: 1) the electron wavelength is very small compared to lattice parameters resulting in 

small diffraction angles. Thus Bragg‟s equation becomes: 2 =n /dhkl, and the diffraction 

angle 2 ~1 ; 2) There is a very strong interaction with the matter so the kinematic 

approximation does not apply. In transmission electron diffraction the specimen has to be 

very thin. With a thin single crystal, the resulting diffraction domains are in the form of 

fine rods, normal to the specimen. For a hkl reflection to be active, the reflection sphere 

has to intersect the corresponding diffraction domain. The observed reflections are those 

relative to the lattice planes (hkl) which have the incident direction [uvw] as a zone axis 

and therefore the reflection indices are those obeying the following expression (for the 

zero Laue zone): 

 hu+kv+lw=0        (3.13) 

This is an equation of the reciprocal lattice plane (uvw) passing through the origin and 

containing the lattice point hkl. 

 Figure 3.13 is a ray diagram for making a diffraction pattern with a simplified 

TEM. The intermediate lens is focused on the back focal plane of the objective lens, as 

confirmed with the artificial dashed rays and the dashed arrows. The transmitted beam 

and all of the diffracted beams are now imaged. A second aperture, an “intermediate 

aperture” positioned in the image plane of the objective lens, is used to confine the 
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diffraction pattern to a selected area of the specimen. This technique of “selected area 

diffraction” (SAD) is usually performed in the following way. The specimen is first 

         

 Figure 3.13 Ray diagram for the Selected Area Diffraction (SAD) mode. 

 

examined in image mode until a feature of interest is found (the arrowhead in Fig. 3.13). 
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The intermediate aperture is then inserted and positioned around this feature. (Owing to 

spherical aberration, it may be necessary to underfocus slightly the objective lens to 

ensure that the SAD pattern comes from the region of interest). The microscope is then 

switched into diffraction mode. The SAD pattern that appears on the viewing screen 

originates from the area selected in the image mode (the tip of the solid arrow). SAD can 

be performed on regions of 10
−4

 cm diameter, but spherical aberration of the objective 

lens limits the technique to regions not much smaller than this. For real “nanodiffraction” 

work, it is necessary to use a nanobeam technique such as convergent-beam electron 

diffraction (CBED). 

3.2.2.2.2 Image Mode and Image Contrast 

 The image contrast in TEM arises because of the scattering of the incident beam 

by the specimen. As the electron beam transverses the specimen, it changes both its 

amplitude and phase. Changes in both the amplitude and phase can give rise to image 

contrast. In conventional TEM imaging amplitude contrast dominates the contribution to 

image formation.  The amplitude contrast can be described in terms of mass-thickness 

contrast and diffraction contrast. Mass-thickness contrast arises from incoherent 

(Rutherford) elastic scattering of electrons. The mechanism by which differences in mass 

and thickness cause contrast is shown in figure 3.14. Elastic-scattering increases with 

thickness of the specimen (because mean free path remains fixed) and the cross-section      

for elastic scattering which is a function of Z. Therefore thicker regions of a specimen 

will scatter more than thinner regions of the same average Z, other factors being constant. 

Similary, high-Z regions will scatter more than low-Z regions of the same thickness. 
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Therefore thicker and/or higher-Z regions will appear darker than thinner and/or low-z 

regions in a bright field (BF) image. The reverse is true for a dark field (DF) image. 

Bright field image is obtained when only the directly, transmitted beam is used for the 

formation of the image. When the image is created using only diffracted beams, it is 

called dark field image. Bragg diffraction in a specimen is controlled by the crystal 

structure and the orientation of the specimen and can be used to create diffraction contrast 

in TEM images. This type of contrast arises from coherent elastic scattering at special 

(Bragg) angles. The intensity in a diffracted beam depends strongly upon the deviation 

parameter, s and the presence of crystal defects which distort the diffracting planes. 

Therefore, the diffraction contrast from regions close to the defect depends upon the 

properties of the defects (such as strain field). Diffraction contrast is most widely used to 

identify defects and distinguish between different types of crystal defects and images can 

be viewed in the BF and DF mode as shown in figure 3.15.   

Figure 3.14 Mechanism of mass-

thickness contrast in a BF image. 

Thicker or higher-Z areas of the 

specimen (darker) will scatter more 

electrons off-axis than thinner or 

lower-mass (lighter) areas.  
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 There is one major difference between forming images to show mass thickness or 

diffraction contrast. Any scattered electron can be used to form a DF image in mass-

thickness contrast, whereas to get good strong diffraction-contrast in both BF and DF 

images the sample is tilted to two-beam conditions, in which only one diffraction beam is 

strong. The direct beam is  the other strong spot in the pattern. Since the hkl planes of the 

excited beam are at the Bragg condition the area that appears bright in the DF diffraction-

contrast image contains specific information unlike the mass-thickness contrast image 

which contains general scattering information.   

 

 

Figure 3.15  Ray diagrams showing the combination of objective lens/aperture to 

produce (a) Bright field image (b) dark field image (c) centered dark  field image. 

 

 

 



130 

 

3.2.2.2.3 Phase Contrast Imaging and HRTEM 

 Spatial resolution is important in imaging. Ultimate resolution for imaging by a 

transmission electron microscope can be achieved with the method of “high-resolution 

transmission electron microscopy”(HRTEM). High-resolution images are interference 

patterns between diffracted and forward-scattered electron wavefunctions. Interference 

patterns require close attention to the phases of the waves. Contrast in HRTEM images    

                             

Figure 3.16 Phase contrast imaging from a periodic object. The diffracted and 

transmitted beams recombine at the image plane. 
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arises due to the differences in the phase of the electron waves scattered through a thin 

specimen. This contrast is sensitive to many factors and the appearance of the image 

varies with small changes in the thickness, orientation or scattering factor of the specimen 

and variations in focus or astigmatism of the objective lens. Phase-contrast imaging 

differs from other forms of TEM imaging in the number of beams collected by the 

objective aperture or the detector. Whereas, a BF or a DF image requires the selection of 

a single beam, a phase-contrast image requires the selection of more than one beam. In 

general, the larger the number of beams collected the higher is the resolution of the 

image. 
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3.2.3 Absorption and Photoluminescence Spectroscopy 

 To study the properties of solids, we need a variety of experimental probes, 

among which techniques using electromagnetic radiation are among the most popular. 

The widely used methods of optical characterization include absorption (from infrared to 

ultraviolet range), photoluminescence, and Raman spectroscopy. 

 

3.2.3.1  Absorption and Absorption Spectrum 

 When an incident light beam reaches a medium, part of the beam will be reflected 

by the medium, part of the beam will be transmitted through the medium, and the rest of 

the beam will be absorbed. Absorption of photons arises due to the transition of the 

electrons from lower energy levels to the higher energy levels. The absorption of light by 

matter is measured by its absorption coefficient. Absorption coefficient α for a uniform 

medium can be defined in terms of the intensity change of a monochromatic light beam 

per unit distance that the beam traveled in the medium (see figure 3.14 ), 

                                             (3.14)           

So the beam intensity as a function of the distance x can be written as, 

                                          (3.15) 

In classical electromagnetic theory [2], are absorption coefficient is related to the 

imaginary part of the complex index of refraction nc=n-ik with,  

                    (3.16) 

where ν is the frequency of the light. The imaginary part of the complex index of 

refraction, k is also called the extinction coefficient. Equation (3.16) is often used as the  
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definition of absorption coefficient [1,2,3]. From equation (3.15), the penetration depth 

can be defined as δ=1/α, where δ is the distance over which the intensity of the light beam  

 

Figure 3.17  Light of intensity Io incident upon a sample of thickness t undergoes a loss 

in intensity upon passing through the sample. The intensity measured after passing 

through a sample of thickness d is I. 

 

falls to 1/e of the initial value. Penetration depth provides a useful estimate on how far the 

light beam penetrates into a medium. 

 The absorption coefficient is a function of frequency (or wavelength). The 

variation of absorption coefficient with wavelength is called the absorption spectrum of 

the medium. The absorption spectrum can be obtained by measuring the transmission 

spectrum or by measuring the reflectance spectrum. Which method is used depends on the 

sample to be measured. For a transmission measurement, the sample should have a 

regular shape and suitable value of αd so that the transmitted light is strong enough to be 

detected. Reflectance measurements are usually performed for powder samples or for the 

samples with large values of αd (d is thickness). If the reflection is negligible, the 
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Figure 3.18  Optical system arrange of Hitachi A3031 visible-uv spectrometer. 

 

transmittivity T(λ) is equal to the ratio of the intensity of the transmission beam to that of 

the incident beam,  

                                                         (3.17) 

From equation (3.15), we have,  

      (3.18) 
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where d is the thickness of the sample. If d is known, the absorption coefficient can be 

obtained. 

 An absorption spectrometer (or transmission spectrometer) is generally composed 

of one (or two) monochromators, a continuous light source, and a photomultiplier. Figure 

3.18 shows the optical system arrangement of the absorption spectrometer used in this 

work. The spectrometer is equipped with two continuous light sources i) W lamp for 

measuring transmittivity in the visible range (from 1000 nm to 320 nm) and ii) a 

deuterium lamp for the measurement in ultraviolet range (from 320 nm to 200 nm). In 

operation a monochromatic light beam is directed onto the sample. After the transmitted 

beam passes through the main monochromator, its intensity is measured by the 

photomultiplier and recorded by the computer. It should be noticed that reflectivity is not 

always negligible and the contribution from reflection can be controlled and added to the 

final data. The data obtained from the absorption spectrometer is not the absorption 

coefficient, but its product with the sample thickness d. To obtain the value of absorption 

coefficient, d must be known.    

 

3.2.3.2   Photoluminescence and Photoluminescence–Excitation Spectroscopy 

 Luminescence refers to all types of light emission appearing as a consequence of 

some external excitation, except incandescent emission. Depending on the way by which 

the sample is excited, luminescence is classified as photoluminescence (PL) with light 

excitation, cathodluminescence with electron-beam excitation, electroluminescence with 

electric field as excitation source, and chemoluminescence etc. Luminescence (or photon 

emission) of semiconductors is the direct result of electron transition from upper energy 
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levels to lower energy levels. The information about the electronic structure of the 

semiconductor can be obtained from the analysis of the luminescence spectra [4]. Two 

types of spectra can be distinguished upon PL measurements – photoluminescence 

spectrum and photoluminescence-excitation (PLE) spectrum. Photoluminescence 

spectrum refers to the variation of luminescence intensity as a function of wavelength (or 

photon energy), while the photoluminescence-excitation spectrum is measured by 

monitoring the variation of luminescence intensity at fixed wavelength (or photon energy) 

as a function of the wavelength (or photon energy) of the excitation source. The PL 

spectrum provides us with the information about the structure of the energy levels in the 

sample. The PLE spectrum tells us the information about the energy transformation 

among the energy levels in the sample. The PLE spectrum is “somehow” related to the 

absorption spectrum, but the relationship between them is not a one-to-one 

correspondence. From the absorption spectrum, we can obtain information about which 

kind of energy levels are excited by the incident light beam. PLE spectrum tells us wether 

these excitations can induce the photon emission at the desired wavelength.  

 To measure the photoluminescence spectrum, two essential equipmental 

components are necessary. One is a spectrometer with a photo-electro-transfer device; the 

other is a light-excitation source. Various light sources from lasers to lamps can be used 

as excitation source in a PL measurement. For the PLE measurement, a wavelength-

adjustable excitation source is necessary. Figure 3.19 shows the optical system 

arrangement of a Hitachi F2500 fluorescence spectrophotometer. A Xe lamp is used as 

the excitation source in this spectrometer. The excitation grating (acts as a 

monochromator) is used to select the desired wavelength for the excitation beam. The  
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excitation wavelength can be varied from 220 nm to 800 nm. Light emission from the 

sample is first diffracted by the diffraction gratingand is then sent through the exit slit to 

the photomultiplier and  finally recorded by the computer. The PLE spectrum can be also 

measured with this spectrometer. To do so, the emission-diffraction grating has to be 

fixed at the desired position. The variation of excitation wavelength is then accomplished 

by rotating the excitation diffraction grating. 

              

Figure 3.19  Optical system arrangement of Hitachi F2500 fluorescence 

spectrophotometer. 
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3.2.4 Raman Spectroscopy[1] 

 Raman spectroscopy is the measurement, as a function of wavenumber, of the 

inelastic light scattering that results from the excitation of vibrations in  molecular and 

crystalline materials. The crystal vibrations are in the range 10
12

-10
14

 Hz (3-300 m 

wavelength), which places them in the infrared (IR) region of the electromagnetic 

spectrum. Coupling between incident infrared radiation and the electronic structure of the 

chemical bond produces an infrared absorption spectrum that provides a direct means of 

observing crystal vibrations. The Raman spectrum arises from an indirect coupling of 

high-frequency radiation (usually visible light, but also ultraviolet and near infrared) with 

the electron clouds that make up the chemical bonds. Raman spectroscopy is a structural 

characterization tool, and the Raman spectrum of crystals is more sensitive to details of 

defects and disorder than to trace impurities and related chemical imperfections. 

 

3.2.4.1  Basic Principles 

 The essentials of the Raman scattering experiment are shown in figure 3.20. An 

intense monochromatic light beam impinges on the sample. The electric field of the 

incident radiation distorts the electron clouds that make up the chemical bonds in the 

sample, storing some energy. When the field reverses as the wave passes, the distorted 

electron clouds relax and the stored energy is reradiated. Even if the incident beam is 

polarized so that the electric field is oriented in a specific direction with respect to the 

sample, the scattered beam is reradiated in all directions, making possible a variety of 

scattering geometries. Most of the stored energy is reradiated at the same frequency as  
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Figure 3.20 Drawing of a single-channel Raman spectrometer with a double 

monochromator. Collecting optics of the scattered beam are not shown in the 

diagram[1]. 

 

that of the incident exciting light. This component is known as Rayleigh scattering and 

gives a strong central line in the scattering spectrum (figure 3.21).  However, a small 

portion of the stored energy is transferred to the sample itself, exciting vibrational modes. 

The vibrational energies are deducted from the energy of the incident beam and weak side 

bands appear in the spectrum at frequencies less than that of the incident beam. These are 

the Raman lines. Their separation from the Rayleigh line is a direct measure of the 

vibrational frequencies of the sample[2]. The reverse process also occurs. Existing 

vibrations that have been excited by thermal processes, can be annihilated by coupling 

with the incident beam and can add their energies to that of the source. These appear as  
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Figure 3.21  Schematic Raman scattering spectrum showing Rayleigh line, Stokes 

Raman scattering and anti-Stokes Raman scattering. Note arrangements of wavenumber 

scales with Rayleigh line defining the zero on the Raman wavenumber scale[1]. 

 

side bands at higher wavenumbers. The Raman process that excites crystal vibrations is 

called Stokes scattering; the process that annihilates existing vibrations is called anti-

Stokes scattering. The two spectra are mirror images on opposite sides of the Rayleigh 

line (figure 3.21). However, because anti-Stokes scattering depends on  the existence of  

thermally activated vibrations, the anti-Stokes intensities are strongly temperature 

dependent, whereas the Stokes intensities are only weakly temperature dependent. For 

this reason, anti-Stokes scattering is rarely measured, except for the specialized technique  
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known as coherent anti-Stokes Raman spectroscopy[3] Because the vibrational 

frequencies are measured by differences between the frequency of the Raman line and the 

Rayleigh line, most spectrometers are set up to display the difference frequency 

(wavenumber) directly, defining the exciting frequency as 0. The result sometimes causes 

confusion: as the displayed Raman wavenumber increases, the true wavenumber 

decreases. The Raman effect is extremely weak. Rayleigh scattering from optically 

transparent samples is on the order of 10
-3

 – 10
-5

 of the intensity of the exciting line. 

Raman scattering is from  10
-3

 to 10
-6

 of the intensity of the Rayleigh line. For this reason 

Raman spectroscopy prior to the 1960s was a highly specialized measurement carried out 

mainly with mercury discharge lamp sources, fast prism spectrographs, and photographic 

plate detectors. In such equipment, the most intense Raman lines are at the threshold of 

visibility to the darkness-adapted human eye. The invention of continuous gas lasers, 

provided the needed intense monochromatic source, and the invention in 1965 of the 

double monochromator system for stray light discrimination combined to make the 

modern Raman spectrometer possible. 
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3.2.5  Electrical Measurement  

3.2.5.1   Four-Point Probe measurement [ 1,2,3,4,5] 

 This is the most common method for measuring semiconductor resistivity. The 

purpose of the 4-point probe is to measure the resistivity of any semiconductor material. 

It can measure either bulk or thin film specimen. The experimental setup for both cases is 

the same, but the expressions are different. The 4-point probe setup usually consists of 

four equally spaced tungsten metal tips with finite radius. Each tip is supported by springs 

on the other end to minimize sample damage during probing. The four metal tips are part 

of an auto-mechanical stage which travels up and down during measurements. A high 

impedance current source is used to supply current through the outer two probes; a 

voltmeter measures the voltage across the inner two probes (See figure 3.22) to determine 

the sample resistivity. Typical probe spacing s is about 1 mm.  

                               

Figure 3.22  Schematic of 4-point probe configuration. 
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Bulk sample 

 It is assumed that the metal tip diameter is infinitesimal and the samples are semi- 

infinite in lateral dimension. For bulk samples where the sample thickness t >> s, the 

probe spacing, we assume a spherical protrusion of current emanating from the outer 

probe tips. The differential resistance is, 

              (3.19) 

We carry out the integration between the inner probe tips (where the voltage is 

measured),   

         (3.20) 

where the probe spacing s is uniform. Due to the superposition of current at the outer two 

tips, R = V/2I. Thus, we arrive at the expression for bulk resistivity, 

         (3.21) 

Thin film 

 For a very thin layer (thickness t << s), we consider current rings instead of 

spheres. Therefore, the expression for the area A=2pxt. The derivation is as follows, 

    (3.22) 

Consequently, for R = V/2I, the sheet resistivity for a thin sheet is: 

         (3.23) 

Note that this expression is independent of the probe spacing s. Furthermore, this latter 

expression is frequently used for characterizating semiconductor layers, such as a diffused 

N+ region in a p-type substrate. In general, the sheet resistivity can be expressed as:  
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, where the factor k is a geometric factor. In the case of a semi- infinite thin 

sheet, k = 4.53, which is just p/ln2 from the derivation. The factor k will be different for 

non- ideal samples. So the sample resistivity and sheet resistance can be simply expressed 

as:  and , respectively. 

 

3.2.5.2   van der Pauw Method 

 The van der Pauw method for measuring resistivity is used in flat, arbitrary shaped 

samples. The contacts should be small and placed on the circumference of the sample. 

The sample should also be constant in thickness and should not contain any isolated 

holes. A total of eight voltage measurements are required, as shown in figure 3.23. Two 

values of resistivity, A and B are then computed as follows, 

   

      (3.24) 

where A and B are resistivities in ohm-cm; ts is the sample thickness in cm; V1-V8 

represent the voltages measured by the voltmeter; I is the current through the sample in 

amperes; fA and fB are geometrical factors based on samples symmetry, and are related to 

the two resistance ratio QA and QB, as shown below. (fA=fB=1 for perfect symmetry). QA 

and QB  can be calculated using the measured voltages as follows,  

   and       (3.25) 
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And Q and f are related as follows,  

       (3.26) 

                                    

Figure 3.23  van der Pauw resistivity measurement convention[4].  

 

A plot of function is shown in figure 3.24. Note that if A and B are not within 10% of 

one another, the sample is not sufficiently uniform to accurately determine resistivity.  
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Once A and B are known, the average resistivity avg can be determined as follows: 

.  In this way, the resistivity of arbitrary shaped samples can be measured. 

Van der Pauw technique can also be used for Hall measurements[4,5] 

        

         Figure 3.24  Plot of  f  vs. Q [4] 
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Chapter 4  Sequence of Experiments 

 Solid state lighting is emerging as an energy efficient lighting source. The direct 

widebandgap semiconductors GaN and ZnO have attracted considerable interest in their 

application for light-emitting diodes. The main obstacles to be overcome in making 

practical device structures based on GaN and ZnO include: 

 Growing smooth films 

 Controlling n-type conductivity  

 Producing p-type materials  

 The focus of this work was to study the heteroepitaxial growth mechanism of 

polar GaN and polar and nonpolar ZnO thin films on sapphire substrates with an 

emphasis on the growth of smooth films, characterization of the residual strain in the 

films and the associated strain relaxation mechanisms in the films. In large misfit systems 

the critical thickness is less than a monolayer, and the misfit can be accommodated by the 

matching of integral number of lattice planes across the film substrate interface. As a 

result the films can be grown lattice relaxed from the beginning with fewer threading 

dislocations. The films can thus be grown strain free except for the differential thermal 

strain associated with the temperature of growth and the defect strain which is to some 

extent controlled by the growth ambient. Additionally, if the films can be grown two-

dimensionally, then misfit dislocations can run across the film-substrate interface 

generating very few threading dislocations. On the other hand, epitaxial growth in small 

misfit systems is characterized by a high threading dislocation density since the critical 

thickness for lattice strain relaxation is large. Thus the growth of lattice relaxed films (in  
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large misfits) makes c-plane sapphire as the substrate of choice over the small misfit 6H-

SiC substrate for  heteroepitaxial growth of GaN and ZnO. 

 Smooth morphology of films is a prerequisite for growing layered device 

structures. To produce smooth films a two-dimensional growth is required. Two- 

dimensional growth is favored at low growth temperatures. Thus the growth mechanism 

of GaN and ZnO epitaxial layers on c-plane sapphire substrate at low growth 

temperatures were studied and compared. It was found that even at low growth 

temperatures GaN grows three-dimensionally, but it allows for continuous coverage of 

the substrate and overcomes the wetting obstacles related to surface and interface 

kinetics. On the other hand, growth of ZnO films at low temperatures shows a two-

dimensional growth mode with a smooth surface morphology. Subsequent growth of ZnO 

at high temperatures on the low-temperature layers gave relatively smooth films. 

 The c-plane oriented growth of wurtzite GaN and ZnO is characterized by the 

presence of spontaneous and peizoelectric polarization along the [0001] axis of these 

structures. These polarization effects generate electrostatic fields within the active layers 

of the LEDs which result in a quantum confined Stark effect and poor electron-hole 

overlap which consequently reduce the quantum efficiency of the device. Since 

piezoelectric polarization is strain induced, the residual strain and the strain relaxation 

mechanisms in GaN and ZnO layers grown on c-sapphire were studied for growth at both 

low-temperature and high-temperature. 

 One approach to increase the quantum efficiency of the devices is to either 

eliminate or reduce the polarization effects in GaN and ZnO layers. Growth of wurtzite 

structures along non-polar directions which are orthogonal to [0001] axis offers a viable 
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approach to reduce polarization effects since the c-axis will lie in the growth plane and  

the growth direction will not have spontaneous polarization associated with it. Towards 

this end, the epitaxy, structure-property correlation and strain relaxation mechanisms of 

nonpolar a-plane (11-20) ZnO on r-plane (1-102) sapphire were studied in the final part of 

this work. 
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Chapter 5 Nanostructured GaN Nucleation Layer   

                 for Light-emitting Diodes 

                     (published in Journal of Nanoscience and Nanotechnology 7, 2719 (2007)) 

5.1 Abstract 

 This paper addresses the formation of nanostructured gallium nitride nucleation 

(NL) or initial layer (IL), which is necessary to obtain a smooth surface morphology and 

reduce defects in h-GaN layers for light-emitting diodes and lasers. From detailed X-ray 

and HR-TEM  studies, researchers determined that this layer consists of nanostructured 

grains with average grain size of 25nm, which are separated by small-angle grain 

boundaries (with misorientation ~1 ), known as subgrain boundaries. Thus NL is 

considered to be single-crystal layer with mosaicity of about 1 . These nc grains are 

mostly faulted cubic GaN (c-GaN) and a small fraction of unfaulted c-GaN. This 

unfaulted Zinc-blende c-GaN, which is considered a nonequilibrium phase, often appears 

as embedded or occluded within the faulted c-GaN. The NL layer contained in-plane 

tensile strain, presumably arising from defects due to island coalescence during Volmer-

Weber growth. The 10L X-ray scans showed c-GaN fraction to be over 63% and the rest 

h-GaN. The NL layer grows epitaxially with the (0001) sapphire substrate by domain 

matching epitaxy, and this epitaxial relationship is remarkably maintained when c-GaN 

converts into h-GaN during high-temperature growth. 

Keywords: Gallium Nitride, Nanostructured Nucleation Layer, Light Emitting 

Diodes(LEDs), Domain Matching Epitaxy. 
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5.2 Introduction 

 Formation of high-quality gallium nitride and their alloys as thin films with 

reduced defect densities on sapphire substrates is the key to realization of high-efficiency 

light-emitting diodes and lasers[1-6]. MOCVD (metallorganic chemical vapor deposition) 

is now a well established technique for the growth of GaN and related alloys on sapphire 

substrates. GaN growth on (0001) sapphire occurs primarily via three-dimensional (3D 

Volmer Weber) island growth[6-8]. Growth at high temperatures (≥ 1000 C) leads to 

islands that are relatively large and have h-GaN (Wurtzite) structure, but it also results in 

a rough surface with a high-density of defects such as dislocations and pits, and , 

sometimes, grain boundaries with misorientations larger than 1-2 . Surface roughness and 

defects are undesirable for device fabrication. To obtain a less defective smooth surface, 

two-step growth has been proposed, where the first layer (about 25nm thick) is grown at 

low temperatures (500-600 C), known as the LT layer, and the second layer at higher 

temperatures (≥ 1000 C), known as the HT layer. The LT layer, also known as nucleation 

layer (NL) or initial layer (IL), which has cubic Zinc Blende (c-GaN) structure, provides a 

template for the HT layer which will develop with a hexagonal Wurtzite (h-GaN) 

structure. Since structural defects such as dislocations and grain boundaries cannot end 

inside a crystal, the role of the NL layer becomes very pivotal in our quest for achieving a 

relatively “defect-free” device-quality h-GaN layer[4-8]. 

 In this paper, we characterize in detail the NL layer using atomic force 

microscopy (AFM), transmission electron microscopy (TEM) and X-ray diffraction 

(XRD) techniques[9]. Detailed X-ray θ, 2θ and Φ scans show that the NL layer (c-GaN  
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structure) grows epitaxially with 30 or 90  in-plane rotation on (0001) sapphire substrate 

via domain matching epitaxy. The domain epitaxy is maintained upon transformation 

from c-GaN to h-GaN[10]. The NL layer (~25nm thick) consists of a unique 

nanocrystalline structure where grains are misoriented with respect to one another by 

about a degree. These subgrains are faulted preferentially in one of the four {111} planes 

of c-GaN. We have determined the relative fractions of the c-GaN and h-GaN phases  by 

using the Hendricks-Teller model[11] to calculate X-Ray diffraction intensities and match 

these with the experimental results. 

 

5.3 Experimental 

The GaN nucleation layers were grown on (0001) sapphire substrates by Kopin 

Corporation using a MOCVD growth technique[6]. The (0001) sapphire substrates were 

cleaned with solvents and treated with flowing H2 and NH3 at 1100 C. The nucleation 

(low-temperature, LT) layers were grown in the temperature range of 500-600 C with a 

nominal thickness ranging from 7 to 40nm. This referred to as the first-step growth. 

During MOCVD growth, trimethylgallium (TMGa) and ammonia (NH3) were used as 

precursors for Ga and N, respectively. Microstructural and growth characteristics of these 

initial layers were investigated using conventional and high-resolution TEM 

(transmission electron microscopy), X-ray diffraction  (θ, 2θ and Φ scans using CuKα 

radiation with λ = 0.154nm) and AFM (atomic force microscopy) techniques. HRTEM in 

cross-section was used to study thin film growth characteristics following the first and 

second-step growth processes. The second step and subsequent growth of GaN was  
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carried out in the temperature range ≥1000 C to produce device quality GaN layers. 

 

5.4 Results and Discussion 

 Figures 5.1 (a) and 1(b) show AFM micrographs from 7nm thick and 40nm thick 

NL layers, respectively, grown at 530 C. The GaN grows by three-dimensional island 

growth (Volmer-Weber Growth), where the islands form a contiguous beady structure.  

         

         

Figure 5.1 AFM micrographs from NL layers showing three-dimensional (island) 

structure: (a) 7 nm thick NL layer; (b) 40nm thick NL layer. 
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The average size of the islands is about 25nm, which become subgrains in nanocrystalline 

thin films. Since these subgrains are separated by subgrain boundaries with average 

misorientation of 1 , the NL is considered essentially a single-crystal layer with mosaicity 

of about 1 .  

 Figure 5.2 shows low-resolution θ-2θ scans along the Al2O3 [0001] substrate 

direction plotted with a logarithmic scale for a 40nm thick GaN NL layer. This scan 

contains the intense Al2O3(0006) peak along with the less intense c-GaN(111) and c-

GaN(222) peaks. However, for a θ-2θ scans along this direction, c-GaN(111) and c-

GaN(222) peaks overlap with h-GaN (0002) and h-GaN(0004) peaks, respectively. 

Therefore, from this scan alone, it is not possible to distinguish between c-GaN and h-

GaN phases of the film. On the other hand, the L-scans to be discussed below provide 

information on the relative fraction of c-GaN and h-GaN phases[9].  

          

Figure 5.2 X-ray low-resolution θ-2θ scans along the Al2O3 [0001] substrate with a 

logarithmic scale. 
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 Figure 5.3 (a) shows a high-resolution θ-2θ scan through the cubic Ga(111) peak 

taken using a Ge(111) -crystal analyzer. The Δ2θ FWHM (full-width-at-half maximum) 

of 0.19 degrees indicates the c-GaN film to be of high crystalline quality. Using the  

    

 

Figure 5.3 (a) X-ray high-resolution θ-2θ scan through the cubic Ga(111) peak, 

showing the FWHM (full-width-at-half maximum) of 0.19 degrees; and (b) θ-scans 

(rocking curves through the cubic GaN (111) peak at different Φ (0,180, 90, -90) degree 

positions. 
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Scherrer equation, we can estimate the thickness (t) of the c-GaN film scattering 

coherently. The thickness (t) is given by t = 0.9λ/(B cos θB), where λ is X-ray wavelength, 

0.154nm; B is the FWHM in radians, and θB is the Bragg angle. From this, the thickness 

is calculated to be ~ 42nm, in agreement with cross-section TEM data. Figure 5.3 (b) 

shows θ-scans (rocking curves) through the cubic GaN (111) peak at different Φ (0 , 

180 , 90 , -90 ) positions. The superposition of the scans show that the GaN(111) planes 

are well aligned on average parallel to the Al2O3(0001) planes. The Δθ (FWHM) is ~ 

1.3 , showing the mosaicity of the film or the average misorientation between the 

subgrains in the film by this amount. It is interesting to note that the rocking curve 

exhibits a triangular shape, which may be related to a unique distribution of strains 

associated with stacking faults in different subgrains of the film[12-13]. 

Figure 5.4 (a) is a Φ scan through c-GaN {3-11} peaks, which have an equivalent 

d-sacing as h-GaN {112}, where six c-GaN peaks along with three Al2O3 substrate peaks 

are clearly shown. This result verifies the epitaxial nature of the c-GaN film as well as the 

expected in-plane 30
0
 rotation (using h-GaN indexation) with respect to the Al2O3 

substrate. Using c-GaN indexation, <1-10> c-GaN aligns with <10-10> of Al2O3. Figure 

5.4 (b) shows another Φ scan near the c-GaN {1-11}, where six well-defined c-GaN 

peaks again verify high-quality epitaxy of the film. From the high-resolution x-ray scans, 

we determined that c-GaN is slightly distorted with a = b = 0.4513nm, and α = β = γ = 

90.12
0
. For an equivalent h-GaN phase, we found a = b = 0.3195nm, c = 0.5199nm; and α 

= β =  90
0
, and  γ = 120

0
. This result implies the presence of in-plane tensile strain. In 

contrast, previous studies of high-temperature h-GaN growth on sapphire (0001) 

substrates reported compressive strain due to differences in coefficients of thermal  
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Figure 5.4 (a) X-ray Φ scan at hexagonal h-GaN (112) or c-GaN (3-11), showing film 

as well as substrate peaks and their relative orientation; (b) Φ scan at GaN (1 0 3/4) in 

hexagonal coordinates with well-defined six c-GaN peaks again verify high-quality 

epitaxy of the film. 

 

expansion ( h-GaN = 5.59x10
-6

/K in a-direction; Sapphire = 7.5x10
-6

/K in a-direction)
14

. 

In the present study incorporating low temperature growth, the tensile strain due to c-GaN 

island coalescence during Volmer-Weber growth appears to dominate[15-16]. 

Now we turn to L-scans (10L scans in hexagonal coordinates) which provide 

information on relative fraction of c-GaN and h-GaN[9]. It should be noted that a  
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stacking fault in c-GaN locally transforms the region into h-GaN, and by inserting 

stacking faults in alternate {111} planes, we can transform the region completely from c-

GaN (ABCABCABCABC stacking) into h-GaN (ABABABABAB stacking). Since c-

GaN is a nonequilibrium phase with a higher Gibbs free energy, it is surmised that the 

system (film) tends to reduce its energy by introducing stacking faults and transform into  

the equilibrium h-GaN phase of lower free energy. The 10L scan shows broad peaks 

which are not located either at integral positions (corresponding to pure h-GaN phase) or 

at L/3 ( L= 0.67, 1.33, 2.67, 3.33..), corresponding to pure c-GaN phase. From the 

Hendricks-Teller (H-T) model, we are able to obtain a good agreement for 63% c-GaN 

and 37% h-GaN, as shown in figure 5.5. The (10L) X-ray scans exhibit an intensity peak 

at L= 2.66, which corresponds to pure c-GaN, indicating the presence of unfaulted c-GaN  

 

      

Figure 5.5 X-ray low-resolution L-scan (10L scans in hexagonal coordinates) and H-

T model calculation for 64% c-GaN and 36% h-GaN. 
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in agreement with TEM data. The Hendricks-Teller model was applied to analyze relative 

fraction c-GaN and faulted c-GaN (h-GaN) in the NL layer grown 530 C. In this model, 

X-ray diffraction pattern was calculated by taking into account the scattering power of 

each of the layers. Since these atomic layers could form either hexagonal or cubic phase 

by different stacking sequence, a statistical correlation was considered in the modeling 

calculation. By listing out all the possible stacking sequences, the probability of either 

hexagonal or cubic phase was incorporated into the model. By using equation (34) in 

reference 11 of H-T model, we calculated diffraction intensity as a function of L, which 

was corrected for Lorenz-polarization factor, geometrical correction factor and atomic 

scateering factors of Ga and N[17]. The calculated intensity was fitted to the experimental 

X-ray data to estimate the density of stacking faults (or the fraction of h-GaN phase) in 

the NL layer. It was found that a fraction of 63% of cubic phase fits the experimental data 

quite well, as shown in figure 5.5. Thus the fraction of hexagonal phase was estimated to 

be 0.37, roughly one stacking fault in every three layers.  

Now we present the details of complementary TEM studies on cross-sectioned 

samples. Figure 5.6 (a) shows a TEM cross-section of a 40nm thick GaN film that shows a 

sharp film-substrate interface. The selected-area-diffraction pattern (Figure 5.6 (b)), 

covering both the film and the substrate regions, shows an epitaxial relationship of c-GaN 

with the sapphire. The streaking in the pattern is due to stacking faults in {111} c-GaN 

which become basal {0001}planes of h-GaN. The stacking faults in alternate layers of c-

GaN phase lead to formation of h-GaN phase. These parallel (111) c-GaN and (0001) h-

GaN layers produce streaking and secondary diffraction spots along the <111> or <0001> 

directions, as observed in figure 5.6(b). The streaking along the <111> direction of Zinc  
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Blende GaN results from the presence of a high density of individual stacking faults, where 

the length of the streak is inversely proportional to the thickness of the fault. While the 

stacking faults create hexagonal regions locally, they are not present in the alternate layers 

needed to produce a large region of hexagonal GaN phase. There is some evidence of 

twinning, as indicated by the intensity along the one-third <111> directions in the <110>  

      

Figure 5.6 (a) Cross-section (low-resolution) TEM micrograph from 40nm thick film; 

(b) corresponding selected-area-diffraction pattern showing c-GaN and sapphire 

diffraction spots. The streaking shows the presence of thin stacking faults and multiple 

diffraction spots indicate a regularly stacked fault structure, in addition to twins. 
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SAD diffraction pattern. In addition, the secondary diffraction spots result from a regular 

stacking of the faults. The c-GaN film grows epitaxially on (0001) sapphire substrate via  

domain matching epitaxy, where integral multiples of planes match across the film-

substrate interface[10]. The c-GaN has the following epitaxial relationship: <111> c- GaN // 

<0001>sap, <110>c- GaN// <10-10> sap, and <211> c-GaN// <-2110>sap. In terms of planar 

matching, (220) planes of c-GaN match with (30-30) planes of sapphire, and 1/3(422) 

planes of c-GaN match with (-2110) planes of sapphire in the perpendicular direction. The 

transformation from c-GaN into h-GaN involves the transformation of (220) planes of c-

GaN into (-2110) planes of h-GaN and 1/3(422) planes of c-GaN into (30-30) planes of h-

GaN, and the epitaxial relationship changes to: <0001> h -GaN // <0001>sap and  <-2110>h -

GaN// <10-10>sap. In terms of planar matching epitaxy, (-2110)) planes of h-GaN match with 

(30-30) planes of sapphire, and, in the perpendicular direction, (30-30) planes of h-GaN 

match with (-2110) planes of sapphire. This epitaxial relationship is known as 30  or 90  

rotation. It is interesting to note that relative spacing for c-GaN as well as h-GaN planes 

remains the same during this transformation because of a(c-GaN) = √2 a(h-GaN) = √3 c(h-

GaN)/2 equivalence between lattice constants of cubic and hexagonal structures. The 

transformation from cubic to hexagonal structure can occur via insertion or removal of 

stacking faults in {111} planes of c-GaN and {0001} planes of h-GaN. The hexagonal 

structure is preferred as a template for higher-temperature growth, however, the cubic 

structure having defective hexagonal phase with stacking faults in alternate layers, can also  

provide a template for epitaxy. The Shockley partials associated with stacking faults, which 

appear at the island edges, provide sources for undesirable threading dislocations[6]. High-

resolution cross-section TEM was done to obtain the details of defects and interfaces in the  
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NL layer. Figure 5.7 (a) shows two subgrains in c-GaN, which are heavily faulted in the 

same {111} planes that are parallel to the (0001) sapphire substrate. The interface boundary 

is indicated by dotted lines and the angle is estimated to be less than 1 . In figure 5.7 (b), 

there is an unfaulted c-GaN subgrain (labeled #1) which is enclosed by faulted c-GaN 

subgrains (2 &3). It is interesting to note that faulting in grain 2 has occurred in the {111} 

planes different from that in subgrain # 3. The unfaulted c-GaN grains tend to be enclosed 

or occluded by faulted c-GaN subgrains, which have higher growth velocities. The c-GaN 

is a nonequilibrium phase with a higher Gibbs free energy, however, it can lower its energy 

by introducing stacking faults which have h-GaN  

         

Figure 5.7 (a) High-resolution cross-section TEM micrograph from 40nm thick film 

where the dotted line shows the boundary of two subgrains faulted in the same {111} 

planes; (b) Unfaulted c-GaN subgrain (#1) is surrounded by c-GaN subgrains (#2 and 3) 

faulted in different {111} planes. 

 

phase locally. The mechanism of conversion of c-GaN into h-GaN by stacking faults has 

been discussed in detail previously[6]. 

 

 



167 

 

 To investigate the initial stages of growth characteristics of NL layer, we have 

investigated the details of microstructures in a film grown for a fraction of the time 

needed to grow a full NL layer. Figure 5.8 (a) shows high-resolution TEM cross-section 

micrographs from a NL layer with average thickness about 7nm. The HRTEM 

micrograph shows three subgrains with 25 nm width and 7-10 nm height. It is interesting 

to note that all the grains have grown epitaxially, but subgrain 2 is faulted in different 

{111} plane at an angle from the film-substrate interface, whereas subgrains 1&3 are 

faulted in {111} planes parallel to the interface. Figure 5.8 (b) shows three epitaxial 

subgrains, where subgrains 1&3 are faulted in {111} planes parallel to the interface, but 

subgrain 2 in the middle is related  to the other subgrain through a twin. Thus, all the 

subgrains in the NL layer have the same epitaxial relationship with (0001) sapphire 

   

Figure 5.8 (a) High-resolution cross-section TEM micrograph from 7nm thick film 

where the dotted lines show the boundary of two subgrains faulted in different {111} 

planes; (b) c-GaN subgrains (#1 and #3) are connected by a twinned subgrain (#2). 
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substrate, but they are faulted predominantly along one of the four {111} planes of c-

GaN.  

In the following, we analyze the characteristics of c-GaN and h-GaN epitaxy over 

the (0001) sapphire substrate. The high-resolution cross-section TEM (in figure 5.9 (a)) 

and corresponding FFT diffraction patterns (in figure 5.9(b)) clearly demonstrate the 

epitaxial growth of c-GaN on the (0001) substrate. The inset FFT diffraction patterns 

from the film-substrate shows <110> c-GaN // <10-10> diffraction patterns. In the cross-  

            

Figure 5.9 (a) High-resolution TEM cross-section image of c-GaN; (b) corresponding 

FFT diffraction pattern; and (c) FFT image of the interface demonstrating matching of 

integral multiples of lattice planes (domain matching epitaxy) across the c-GaN/sapphire 

interface.  There is one dislocation contained in each domain. 
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section along the interface 1/3(422) planes (with planar spacing of √3 ac/2√2) are aligned 

with (-2110) planes of sapphire. The matching of these planes is shown in the FFT image, 

where there is a missing plane (dislocation) within each domain (figure 5.9(c)). This 

epitaxy of GaN occurs via domain matching epitaxy, where integral multiples of lattice 

planes match across the GaN/ -Al2O3 interface. Upon annealing or direct high-

temperature growth, the nucleation layer transforms into h-GaN, where 1/3(422) c-GaN 

spot turns into the (10-10) spot of h-GaN (with planar spacing of √3 ah/2). The 

transformation follows the equivalence of a(c-GaN) = √2 a(h-GaN) = √3 c(h-GaN)/2 

between cubic (face-centered) and hexagonal (close packed) structures. This h-GaN 

matching on sapphire is shown in high-resolution cross-section image (figure 5.10(a)) 

with corresponding FFT diffraction pattern (figure 5.10(b)) and FFT image (figure 

5.10(c)). The figure shows alternating 6/7 and 7/8 film/substrate planes matching across 

the interface, which is in agreement with new paradigm of domain matching epitaxy for 

the formation of single-crystal films on substrates with large lattice misfits[6,10]. 

According to the DME paradigm, for a complete relaxation of misfit strain, three 6/7 

domains should alternate with one 7/8 domain for GaN growth at 530 C[6,10]. 

 In summary, the nucleation layer, when grown by MOCVD in the temperature 

range 500-600 C, consists of predominantly faulted c-GaN and a small fraction of 

unfaulted c-GaN. The NL grows epitaxially on the (0001) sapphire substrate with a 30  or 

a 90  rotation via domain matching epitaxy. The c-GaN epitaxy is maintained when c- 

GaN converts into h-GaN during subsequent high-temperature growth. The NL has a 

unique nanostructure as it consists of nanocrystalline subgrains which are misoriented  

 

 



170 

 

 

Figure 5.10 (a) High-resolution TEM cross-section image of c-GaN; (b) corresponding 

FFT diffraction pattern; and (c) FFT image of the interface demonstrating matching of 

integral multiples of lattice planes (domain matching epitaxy) across the h-GaN/sapphire 

interface.  There is one dislocation contained in each domain. 

 

with respect to each other by an average angle of 1.3 . Each subgrain is faulted 

predominantly in one of the four {111} planes of c-GaN. If this initial misorientation 

increases beyond a critical point (somewhere 2-3
 
range) then the quality of subsequent h-

GaN grown at higher temperatures decreases as the high density of dislocations from 

these boundaries continue into the active region of the device. It is surmised that this 

happens if h-GaN is grown at  1000
0
C on (0001) sapphire substrate directly in a single 

step. This explains why single-step h-GaN growth at high temperatures results in a rough 
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surface (corresponding to larger subgrains) and high-density of propagating threading 

dislocations. 
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Chapter 6       Comparative Raman and HRTEM Study  

                of Nanostructured GaN Nucleation Layers                 

      and Device Layers on Sapphire (0001) 

(published in Journal of Nanoscience and Nanotechnology 8, 5985 (2008)) 

6.1 Abstract 

 Raman spectroscopy in conjunction with high-resolution transmission electron 

microscopy (HRTEM) has been used to study structural characteristics and strain 

distribution of the nanostructured GaN nucleation layer (NL) and the GaN device layer on 

(0001) sapphire substrates used for light-emitting diodes and lasers. Raman peaks 

corresponding to the cubic and the hexagonal phase of GaN are observed in the Raman 

spectrum from 15nm and 45nm NLs.  A comparison of the peak intensities for the cubic 

and hexagonal phases of GaN in the NLs suggests that the cubic phase is dominant in the 

15nm NL and the hexagonal phase in the 45nm NL. An increase in the density of stacking 

faults in the metastable cubic GaN (c-GaN) phase with increasing growth time lowers the 

system energy as well as locally converts c-GaN phase into hexagonal GaN (h-GaN). It 

also explains the observation of the more intense peaks of h-GaN in the 45nm NL 

compared to c-GaN peaks. For the sample wherein an h-GaN device layer was grown at 

higher temperatures on the NL, narrow Raman peaks corresponding to only h-GaN were 

observed, confirming the high-quality of the films. The peak shift of the E2
H
(LO) mode of 

h-GaN in the NLs and the h-GaN film suggests the presence of a tensile stress in the NL 

which is attributed to defects such as stacking faults and twins,  and a compressive stress  
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in high-temperature grown h-GaN film which is attributed to the thermal-expansion 

mismatch between the film and the substrate. The peak shifts of the substrate also reveal 

that during the low temperature growth of the NL the substrate is under a compressive 

stress which is attributed to defects in the NL and during the high temperature growth of 

the device layer, there is a tensile strain in the substrate as expected from differences in 

coefficients of thermal expansion of the film and the substrate during the cooling cycle.  

Keywords: GaN, Nucleation Layer, Raman Spectroscopy, Stress. 
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6.2 Introduction 

 The growth of device quality GaN thin films by Metallorganic Chemical Vapor 

Deposition (MOCVD) and Molecular Beam Epitaxy (MBE) requires the deposition of a 

low-temperature (LT) ~550 C nucleation layer (NL). The reduced growth temperature 

leads to the formation of a smoother layer on which device-quality GaN layer can be 

grown at higher-temperatures (HT) ~1050 C [1-3]. The low-temperature (LT) growth of 

GaN results in a high nucleation density of the cubic GaN (c-GaN) phase. These nuclei 

grow epitaxially on a (0001) sapphire substrate, but are slightly rotated (≤ 1 ) with respect 

to each other. Upon coalescence of these epitaxial grains, subgrain boundaries are formed 

[2,3]. The edges of c-GaN provide a template for hexagonal GaN (h-GaN) growth at 

higher temperatures. It should be mentioned that c-GaN and h-GaN can be converted into 

each other via formation of stacking faults [2,3]. The NL has been shown to improve the 

crystalline quality of the film by promoting two-dimensional (2D) growth [4,5]. Despite 

the presence of a high density of defects in the NL, it provides a template for the 

subsequent growth of GaN and thus plays a crucial role in determining the quality of GaN 

device layers. Our earlier studies [2,3] focused on detailed High-Resolution Transmission 

Electron Microscopy (HRTEM) and X-ray diffraction studies of GaN nucleation layers 

(NLs) and device layers used for light-emitting diodes and lasers (LEDs and LDs). In this 

work, Raman spectroscopy, which is a powerful non-destructive technique, has been 

complemented with TEM and X-ray diffraction to fully reveal the details involving initial 

stages of the development of the NL. To our knowledge no Raman studies have been 

reported on gallium nitride NLs and device layers.  The present study represents a careful 

 



177 

 

structural and microstructural study of the as-grown GaN nucleation layers and of the 

device layers for the fabrication of practical LEDs and LDs. 

 Cubic and hexagonal GaN are expected to have different lattice vibrations, which 

can be identified by Raman scattering measurements. Raman scattering of hexagonal 

wurtzite gallium nitride has been extensively studied [6-10]. The h-GaN which has a 

wurtzitic structure has eight sets of phonon modes, (2A1+2B1+2E1+2E2) out of which one 

A1, one E1 and two E2 are Raman active. Other A1 and E1 correspond to acoustic phonons 

and both B1 modes are silent. The c-GaN, which has a zinc-blende structure, has a doubly 

degenerate TO (Transverse Optical) and a single LO (Longitudnal Optical) phonon with a 

higher frequency. Raman study on cubic GaN grown on (100) GaAs by MBE has been 

reported by Tabata et al [11]. In this work, we present a comparative study, using Raman 

spectroscopy and high-resolution TEM, of the as-grown GaN NLs of two different 

thicknesses (~15nm and 45nm) grown at low-temperature (~550 C) and of the GaN 

device layer grown at higher-temperatures (~1050 C) on the nucleation layer. The 

samples were all grown on (0001) sapphire substrates. The spectrum from the NLs 

contain Raman modes corresponding to both c-GaN as well as h-GaN, thus showing that 

the microstructure of the NL consists of both c-GaN and h-GaN phases. The spectrum 

from the h-GaN film grown at HT contains narrow well-defined h-GaN peaks, confirming 

high quality of the h-GaN films.  

 

 

 

 



178 

 

6.3 Experiment 

 Comparative Raman spectroscopic and TEM studies were done on as-grown 

15nm and 45nm thick NL. The study was also done on an h-GaN film grown on the NLs. 

The 514.5nm line of an argon-ion laser was used as the excitation source for Raman 

scattering measurements. The spectra were recorded at room temperature in 

backscattering geometry with no polarization detection. The nucleation layers were 

grown on (0001) sapphire substrates using MOCVD by Kopin Corporation [2].  The 

(0001) sapphire substrates were cleaned with solvents and treated with flowing H2 and 

NH3 at 1100 C. The NLs of varying thicknesses were grown at ~ 550 C. The subsequent 

growth of GaN was carried out at 1050 C to produce device quality h-GaN layers of 

optimal thickness for light-emitting diodes and laser diodes (LEDs and LDs) by Kopin 

Corporation. 

 

6.4 Results   

6.4.1 Sapphire 

 For a reference, Raman spectrum from a pristine c-plane sapphire substrate was 

measured and the results are shown in figure 6.1. The observed peaks for sapphire are at 

418.01, 431.8, 448.8, 522.06, 577.17 and 750.36 cm
-1

. Sapphire has two A1g and five Eg 

modes which are Raman active [12]. Our measurements, which were taken in 645cm
-1

 

backscattering geometry, show the absence of the Raman modes at 378cm
-1

 and at   These 

modes have been observed in the Raman spectrum of sapphire taken in modes have been  
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Figure 6.1 Raman spectrum from sapphire substrate taken at RT in backscattering 

geometry. 

 

several different orientations [12]. The sapphire peaks at ~ 418, 431, 448, 577, 748 cm
-1

 

are also observed in the Raman spectrum of NL samples with thickness 15nm and 45nm, 

see figures 6.2(a) and 6.3(a). For the h-GaN/NL/Sapphire sample sapphire modes are 

identified at 417.58 cm
-1

 and at 748.26 cm
-1

 in figure 6.4. 

 

6.4.2 c-GaN (NL~15 nm) /sapphire  

Figure 6.2 (a) shows the Raman spectrum of the sample with a NL thickness of ~15nm 

grown on c-plane sapphire. The TO mode of c-GaN is observed at 553.27cm
-1

 as can be 

seen clearly in the magnified plot in figure 6.2(b). Figure 6.2(c) shows the magnified 

Raman spectrum from 720-770cm
-1

.  A faint peak corresponding to the A1(LO) mode of 

h-GaN is observed at 733.17cm
-1

. The sapphire peak at 748.75 cm
-1

 shows a shoulder 

peak at 739.40cm
-1

 which could be due to the LO mode of c-GaN. A shoulder to the 

sapphire peak is also observed at 744.82cm
-1 

and it could be attributed to the E1(LO)  
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            Figure 6.2(a) 

      

Figure 6.2 (a) Raman spectrum from 15nmNL/sap taken  at RT  in backscattering 

geometry using 514.5nm wavelength for excitation.(b) Magnified plot from 500-600cm
-1

 

showing the TO mode of c-GaN (c) Magnified plot from 720-770cm
-1

 showing the A1(LO) 

and E1(LO) mode of h-GaN and the LO mode of c-GaN. 

 

mode of h-GaN. The presence of characteristic Raman peaks for c-GaN, h-GaN and 

sapphire in the range of 732 to 750cm
-1 

causes overlapping of peaks, which requires a 

simulation model to interpret the contributions of the respective h-GaN and c-GaN phases  
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to the peak. 

 

6.4.3 c-GaN (NL~45 nm)/sapphire  

 Figure 6.3(a) shows the Raman spectrum of the sample with a NL thickness of 

~45nm grown on c-plane sapphire. A peak corresponding to the E2
H
(LO) (higher 

frequency mode of E2) mode of h-GaN is observed at 565.24cm
-1

, as marked in the 

magnified plot in figure 6.3(b). A magnified Raman spectrum from 720-760cm
-1 

is shown 

in figure 6.3(c).  The A1(LO) mode of h-GaN is observed at 733.16 cm
-1

. In addition, 

shoulder peaks to the sapphire peak at 749.52cm
-1

 are also observed at 739.40 and 

745.55cm
-1

. These peaks could be interpreted as contributions due to the LO mode of c-

GaN and due to the E1(LO) mode of h-GaN.  
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Figure 6.3 (a) Raman spectrum from 45nmNL/sap taken  at RT  in backscattering 

geometry using 514.5nm wavelength for excitation.(b) Magnified plot from 500-600cm
-1

 

showing the E2(LO) mode of h-GaN (c) Magnified plot from 720-770cm
-1

 showing the 

A1(LO) and E1(LO) mode of h-GaN and the LO mode of c-GaN. 

 

6.4.4 Thick h-GaN/NL/Sapphire 

 Figure 6.4 shows Raman spectrum from a sample consisting of a thick h-GaN film 

grown on NL by MOCVD on c-plane (0001) sapphire substrate. The Raman spectrum 
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Figure 6.4 Raman spectrum from the h-Gan/NL/sapphire sample showing the E2(LO) 

& A1(LO) mode of h-GaN. 

 

from the h-GaN film shows peaks at 569.52, 734.24, and at 859.57 cm
-1

. The peaks at  

569.52 and 734.24 cm
-1 

are identified as the E2
H
(LO) and A1(LO) modes of h-GaN. The 

E2
H
(LO)  and A1(LO) are the modes one would expect to observe for h-GaN in the 

backscattering configuration. The sharpness of these peaks suggests that the films are of 

good crystalline quality. The peak observed at 859.57cm
-1

 is not a first order Raman peak, 

but has been identified [13] as a second-order Raman mode (855cm
-1

) of h-GaN having 

A1, E1 and E2 symmetry. The second-order Raman spectrum can be observed if the film 

quality is very good. Siegle et al [13] have attributed the mode at 855cm
-1

 to a second-

order Raman scattering processes resulting from a combination of acoustic and optical 

phonons. In second-order Raman scattering the conservation rule requires that the sum of 

the wave-vectors of the two phonons participating in the Raman scattering be zero. peak 

at 268cm
-1 

is not a theoretically predicted
 
peak for either sapphire or h-GaN or c-GaN.  
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Therefore, the phonon modes in second-order Raman scattering are not limited to those at 

 point unlike the first-order scattering, but extend to the whole Brillouin zone. The sharp  

Foreign signals with sharp peaks observed in Raman spectra have been attributed either to 

the presence of impurity atoms or to the presence of defects such as vacancies [9]. 

 

6.5 Discussion 

 Structural information about the GaN NL characteristics has been studied in detail 

by HRTEM and X-ray diffraction in our earlier works [2-3]. Because the NL is very thin, 

a low resolution -2  scan from a nucleation layer/sapphire sample in  figure 6.5 shows 

intense Al2O3 (0006) peaks from the substrate and less intense c-GaN (111) and (222) 

peaks from the NL. The results of -2  scans through c-GaN (111) peaks in conjunction 

with  scans showed the alignment of c-GaN (111) // Al2O3 (0001) planes in addition to 

other basal planes [3]. By measuring (FWHM) the average misorientation between the  

   

Figure 6.5 A low-resolution X-ray -2  scan along the Al2O3 [0001] substrate with a 

logarithmic scale for the 45nm NL. 
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subgrains was found to be ~ 1.3 . Low resolution L-scans (10L in hexagonal coordinates) 

and modeling calculations showed that the NL had 63% of c-GaN phase and 37% of h-

GaN [3]. In our earlier work [2] we have shown that the NL grows epitaxially aligned 

with sapphire substrate via domain matching epitaxy.  

 A qualitative comparison of the Raman peak intensities for the cubic and 

hexagonal phases of GaN in the 15nm and 45nm NLs suggests that the cubic phase is 

more abundant in the 15nm NL and the hexagonal phase in the 45nm NL. Detailed 

studies [1-3,14,15] have shown that at low temperatures ~ 530-600 C the GaN NL, which 

grows  epitaxially via Volmer-Weber (island) growth mode, is single crystal  but contains 

low-angle (subgrain) boundaries. Conventional and HRTEM studies done by us earlier 

[2] have shown that the as-grown NL has a cubic structure and contains a high density of 

defects including stacking faults, twins and low angle grain boundaries. The low-

magnification images of the GaN NL in figures 6.6 (a) & (b) indicate the presence of    

   

Figure 6.6 (a) Cross-section TEM micrograph  along {110} c-GaN and {10-10} 

sapphire showing the NL and the sapphire substrate at low magnification. (b) The c-GaN 

subgrains contain stacking faults in different {111} planes and the unfaulted grains are 

separated by low-angle subgrain boundaries. 
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defects such as stacking faults and low-angle subgrain boundaries. The high-resolution 

images in figures 6.7(b) & (c) show explicitly the presence of {111} stacking faults. It is 

well known that there are four orientations for the {111} planes in c-GaN. From the 

HRTEM images it is seen that during initial stages of growth, stacking faults in one set of  

     

            

Figure 6.7 High-resolution cross-section TEM micrograph  along {110} c-GaN and 

{10-10} sapphire showing (a) the NL and the sapphire substrate interface region (b), (c) 

the faulted c-GaN grains (1 and 2) and unfaulted c-GaN grain (3). The contrast in the 

images arises from the presence of stacking faults in different {111} planes. 
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planes in c-GaN dominate leading to different types of grains containing low-angle grain 

boundaries. The formation of c-GaN during low temperature growth of the NL has been 

attributed to nitrogen deficiency resulting from insufficient pyrolysis of ammonia at low 

temperatures [16]. However, c-GaN is a metastable phase of higher energy and therefore 

can lower its energy by introducing stacking faults and transforming into the lower 

energy equilibrium h-GaN phase. This transformation from c-GaN to h-GaN at LT  

growth has been elucidated previously [2]. The localized regions of faulted c-GaN can be 

regarded as localized regions of hexagonal GaN (h-GaN). The formation of c-GaN at low 

substrate temperatures and subsequent lowering of energy of the system by insertion of 

stacking faults leading to formation of h-GaN locally, explains the simultaneous 

observation of the c-GaN and h-GaN Raman modes in the 15nm and 45nm NLs.  

 During the initial stages of growth, the NL(~15nm) is predominantly cubic with a 

very small fraction of h-GaN or stacking fault induced disorder  present in the NL. As 

reported earlier [2-3] by our group, the localized transformation of c-GaN into h-GaN 

during growth of the NL compromises the growth of the unfaulted c-GaN and leads to 

formation of the more stable phase of GaN, that is the faulted c-GaN phase (or h-GaN) 

locally. The result is grains containing mainly faulted c-GaN or h-GaN regions and very 

few regions of unfaulted c-GaN. This explains the presence of well defined E2
H
(LO) 

mode (565.24cm
-1

 ) of h-GaN in the 45nm NL. The observation of the well defined peaks 

of the LO mode of c-GaN, and the A1(LO) modes and E1(LO) mode of h-GaN  
 
is 

obscured for the 15nm and 45nm NL samples due to the overlapping of peaks of c-GaN, 

h-GaN and sapphire in the range of 733-750cm
-1

.  The TO mode in c-GaN  and the 

E1(LO) mode in h-GaN are forbidden modes in backscattering geometry but are observed  
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in the Raman spectra of the NLs. Tabata et al [11] have reported the appearance of the  

forbidden TO mode of c-GaN, which they explained as being due to short range 

perturbations. It is known that the presence of disorder in the lattice breaks the Raman 

selection rules of phonon momentum conservation, q=0. The resultant relaxation of 

phonon momentum conservation allows the forbidden modes to be observed in the 

Raman spectrum.  Another point of interest in these spectra is the observation of the TO 

mode (553.27cm
-1

) of c-GaN using the 514.5nm laser wavelength for excitation. 

Interestingly, in the works of Tabata et al [11] the TO mode was not observed when the 

514.5nm wavelength was used to excite the c-GaN/(001)GaAs sample, but it was 

observed when the spectrum was taken at shorter wavelengths ( 488nm and 457.9nm). 

The samples used in their study were grown by MBE on (001) GaAs substrate and such 

samples have been found to have a much lower density of defects such as stacking faults, 

twins and point defects as shown by Strite et al [16]. In the present work, the samples 

were grown by MOCVD on (0001) sapphire substrate at a lower temperature, which leads 

to a much higher defect content. 

 An interesting feature of the Raman spectra from the h-GaN film and the NLs 

(15nm and 45nm) is the observation of peaks at ~ 268cm
-1

 and at ~ 520cm
-1

. These peaks 

have not been previously observed in Raman spectrum of c-GaN or h-GaN phases under 

normal growth conditions. Neither h-GaN nor c-GaN has any predicted Raman modes at   

268cm
-1

. The contribution of the substrate towards the mode at ~ 268cm
-1

 is ruled out 

since Raman spectrum from sapphire substrate in figure5.1 does not show this mode. The 

narrow nature of the peak in the NLs and the h-GaN/NL/sap samples suggests that in the 

present case the origin of the peak could be due to discrete defects such as vacancies  
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and/or SFs in the NL. Stacking Faults (SFs) and point defects have discrete energy levels 

associated with them. Because of their discrete energy levels in the lattice it is presumed 

that the peaks related to SFs and point defects would be narrow peaks. It is known that 

insufficient pyrolysis of NH3 during LT growth of NL gives rise to nitrogen vacancies 

which in turn promote the growth of the metastable c-GaN phase. The defect 

concentration is expected to increase with increasing thickness of the NL, which could 

also explain the observation that on a relative scale the peak intensity at 268cm
-1

 is 

greater for the 45nm NL. A comparison of the peak observed at ~520cm
-1

 in figures 

6.3(a) and 6.2 (a) shows that the peak is more intense in the 45nm NL, and is less intense 

in the 15nm NL. The sapphire substrate shows a peak at 522cm
-1

. Since neither sapphire 

nor h-GaN nor c-GaN has a characteristic peak around 520cm
-1

, we suggest that these 

peaks could be caused by the laser (natural emission) in sapphire. Tabata et al [11] have 

also reported on the observation of a small peak at 512cm
-1

 in the Raman spectrum of c-

GaN grown on GaAs. 

 

6.5.1 Stresses in Films and Substrate 

 The E2
H
 (LO) phonon frequency in h-GaN has a non-polar character and shifts 

linearly with stress. Therefore, it has been used by several groups [18-21] to measure 

biaxial stress in GaN epilayers. The E2
H
 (LO) phonon frequency of unstrained GaN is 

reported at 567cm
-1

 [22]. A decrease in the value of the E2
H
(LO) phonon frequency with 

respect to that of unstrained GaN indicates tensile stress and an increase in the E2
H
(LO) 

phonon frequency indicates compressive stress. The E2
H
(LO) mode is observed at 

565.24cm
-1

 in the 45nm NL. The shift in the E2
H
(LO) phonon frequency towards lower  
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frequency indicates that the GaN NL is under tensile stress. This conclusion is supported 

by our earlier work [3] where high resolution X-ray scans of the NL found the presence of 

tensile stress in the NL. From our studies we conclude that the presence of defects such as 

twins and stacking faults and the strain fields around them due to missing half planes give 

rise to the observed tensile stress in the NL. The tensile stress generated due to defects 

seems to dominate the stress due to thermal expansion mismatch between the NL and the 

substrate which is expected to be compressive in the NL as shown by our calculations in 

Table 6.1. Interestingly, for the h-GaN film grown on NL, the E2
H 

(LO) mode is observed 

at 569.52cm
-1

 thereby indicating a compressive biaxial stress in the film, which is 

consistent with thermally induced strains between h-GaN and sapphire. The difference of 

thermal coefficient of expansion(TCE) of h-GaN ( a = 5.59x10
-6

/K, c = 3.17x10
-6

/K) 

Table 6.1 Calculated stress in the film and the parameters used to calculate 

stress 

 

 

 

 

 

 

 
a. Values of elastic constants taken from Ref. 26. 

b. Ref.  27. 

c. Ref. 28. 

 

 

 c-GaN h-GaN sapphire 

Thermal coefficient 

of expansion(K
-1

) 
3.5x10

-6
 [23] 5.59x10

-6
 [ 24] 7.5x10

-6
 [25 ] 

Poisson‟s Ratio 0.352 
a
 0.17

a
 0.25

c 

Young‟s modulus 

(GPa) 
181.137 

a
 290 

b
 352

c
 

Calculated Residual 

Stress ( T=523K) 
-0.584 -0.362  

Calculated Residual 

Stress ( T=1023K) 
--- -0.708  
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 [24] and sapphire ( a = 7.5x10
-6

/K, c = 8.5x10
-6

/K) [25] is expected to lead to 

compressive strain upon cooling from a high-temperature growth. Intensive high-

resolution TEM studies of GaN films grown on nucleation layer have shown that though 

the film has dislocations, it is free of defects like twins and stacking faults. In the absence 

of these defects, the TCE mismatch compressive stress dominates in the film grown on 

the NL and it manifests itself as a frequency shift of the E2
H
(LO) mode of h-GaN towards 

high frequency. 

 Another related interesting observation in this study was the shift observed in the 

sapphire substrate peaks at ~418cm
-1

 and at 750cm
-1

 for the samples under study. Table 

6.2 lists the sapphire peaks at ~418cm
-1

 recorded from a bare sapphire substrate, 15nm 

NL, 45nm NL and h-GaN/NL/sapphire samples. The peak shift indicates the presence of  

                     Table 6.2 Shift observed in the Raman peak of sapphire 

 

 

 

 

 

 

stress in the substrate. It is observed that during LT growth (15-45nm, ~550 C) the peak  

shift for the substrate is towards higher frequencies and, though small, it indicates a 

compressive stress in the substrate. In contrast, for the HT growth (~500nm, 1050 C) 

there is a considerable peak shift towards low frequency which indicates a tensile stress in 

the substrate. The observation of a small shift in the sapphire peak towards higher 

 

 

Sapphire peak cm
-1

 

Bare sapphire substrate 418.01 

15nm NL/sap 418.09 

45nm NL/sap 418.09 

h-GaN/NL/sap 417.58 
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frequencies for the NL samples combined with our earlier observation of a shift towards 

lower frequencies of the E2
H
(LO) mode of h-GaN for the same samples leads to the 

conclusion that during LT growth of the NL, the stress due to defects dominates over the 

thermal expansion mismatch stress. Though most of the stress due to the defects in the 

NL is confined to the film only because of its small thickness, the sapphire substrate peak 

shift suggests that a small amount of the stress also appears across the interface in the 

substrate thereby explaining the observed compressive stress in the substrate during LT 

growth. In the case of HT growth, there is a considerable shift in the sapphire peak 

towards low frequency and a corresponding shift of the E2
H
(LO) mode of h-GaN towards 

higher frequencies. Post-growth cooling of the samples from growth temperatures 

(1050 C) to room temperature, results in a compressive stress in the film and a tensile 

stress (opposite character) in the substrate due to differences in the thermal coefficients of 

expansion of the film and the substrate. The in-plane thermal coefficient of expansion of 

sapphire (7.5x10
-6

/K) is greater than that of h-GaN (5.59x10
-6

/K). Therefore, sapphire 

contracts at a much faster rate than h-GaN on cooling from the growth temperature to 

room temperature which in turn causes a residual tensile stress in the sapphire substrate 

and a compressive stress in the film. The tensile strain in the sapphire substrate manifests 

as a frequency shift towards low frequency as listed in Table 6.2. The calculated stress 

values in the film and the parameters used for stress calculation are listed in Table 6.1. 

The above stress determinations for the sapphire substrate were made using the 418cm
-1

 

peak shifts. The peak at 750cm
-1 

was not used since the existence of other overlapping 

peaks in the range 733-750cm
-1

 makes it difficult to determine a precise value of shift.  
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6.6 Conclusion 

 We have investigated the structure of GaN NLs of different thicknesses and of 

GaN device layers. The growth were done on (0001) sapphire substrate by MOCVD. 

Analysis of the Raman modes observed in the 15nm and 45nm NLs, and h-GaN/NL/sap 

samples shows that the NL contains both the c-GaN and h-GaN phases; and the h-GaN 

film contains only the h-GaN phase. The presence of stronger Raman modes of c-GaN 

compared to the weaker modes of h-GaN in the 15nm NL suggests that during initial 

stages of growth the GaN NL has a predominantly cubic character with a very small 

percentage of h-GaN phase present. With increase in thickness of the NL (~45nm) it is 

seen that the h-GaN Raman modes become more intense compared to the c-GaN modes, 

indicating that the 45nm NL has a higher fraction of faulted c-GaN (or h-GaN) present. 

Qualitative interpretations of the E2
H
(LO) mode shift of h-GaN as observed in the Raman 

spectrum of  the 15nm, 45nm NLs and h-GaN/NL/sapphire samples indicates the 

presence of a tensile stress in the NL and a compressive stress in the h-GaN film. These 

Raman results are in complete agreement with X-ray diffraction and HRTEM results on 

defects and epitaxial nature of thin films. The shift in the sapphire peaks indicates that the 

presence of defects such as SFs and twins in the NL causes a tensile stress in the NL and 

a compressive stress in the substrate. The stress due to defects actually dominates over the 

compressive thermal stress that is predicted due to the thermal-coefficient of expansion 

(TEC) mismatch of the NL with the substrate. In contrast, the h-GaN films grown at 

higher-temperatures (~1050 C) that are free of such defects, show the onset of a 

compressive stress and the substrate exhibits a complementary tensile stress due to TEC 

mismatch between GaN and sapphire substrate. Thus, the misfit stress is confined 
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primarily to the film during initial stages of growth and as the film thickness increases, 

the stress is increasingly shared by the substrate. 
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Chapter 7  Structural Characterization of Two- step  

                 Growth of Epitaxial ZnO Films on     

         Sapphire Substrates at Low Temperatures 

( published in Journal of  Physics D: Applied Physics 42, 105409, (2009)) 

7.1 Abstract 

 We have investigated two-step growth of high-quality epitaxial ZnO films, where 

the first layer i.e. the buffer layer or nucleation layer template, is grown at a low 

temperature (230-290 C) to induce a smooth (two-dimensional) growth. This is followed 

by growth at a moderate temperature~430 C to form high-quality smooth ZnO layers for 

device structures. It was possible to reduce the growth temperature to 250-290 C
 
and 

obtain a smooth epitaxial template layer on sapphire (0001) substrates with surface 

roughness less than 1nm. After the high-temperature growth, the film surface undulations 

(roughness) increased to about 2nm, but it is still quite smooth. The calculation of c and a 

lattice parameters by high-resolution X-ray diffraction shows that the „a‟ lattice parameter 

is fully relaxed at the growth temperatures but the „c‟ lattice parameter is dependent on 

the defect concentration in the growing film. A decoupling between a and c lattice 

parameters of the films is observed, which leads to abnormal Poisson‟s ratios ranging 

from 0.08 to 0.54. The decoupling of the lattice parameters is analyzed based on growth 

characteristics and the presence of strain and defects in the grown films. We present our 

detailed studies on the nature of epitaxy, defects and interfaces by using comprehensive 

X-ray diffraction and high-resolution TEM studies.    
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7.2 Introduction 

 Research in ZnO is in the forefront these days owing to its direct wide bandgap 

Eg~3.37eV and high excitonic binding energy~60meV at room temperature (RT) [1] 

which makes it an attractive material for short wavelength optoelectronic device 

applications [2,3]. In addition ZnO can be alloyed with MgO and CdO to increase(blue 

shift) and decrease (red shift) the band gap, respectively, thus covering the entire range of 

visible spectrum[4,5,6]. The growth of device-quality ZnO thin films on substrates such 

as sapphire (0001) involves a planar misfit exceeding 15%. Narayan et al [7], have shown 

that such a large planar misfit can be accommodated by the paradigm of domain matching 

epitaxy (DME), where integral multiples of lattice planes match across the film-substrate 

interface. In the specific case of ZnO/ -Al2O3(0001) sapphire, 6/7 and 5/6 domains were 

found to alternate to accommodate the misfit strain of 15.44%. Since the critical thickness 

under such a large misfit is less than one monolayer, the film can be relaxed from the 

beginning, as has been confirmed by in-situ synchrotron studies [7]. The subsequent ZnO 

layers can be grown strain free, except for the differential thermal strain which is inherent 

to the growth temperature and the microstructural(defect) strain which depends on the 

growth ambient to some extent. Under this scenario, if the initial layer can be grown two-

dimensional then the misfit dislocations can run across the film-substrate interface, 

generating very few threading dislocations. Thus, high-quality thin film heterostructures 

(having large misfit) can be grown by a two-step process in which initial layer is grown at 

a low-temperature (LT) via two-dimensional growth. The thin film is fully relaxed except 

for residual thermal and defect strains. The initial layer can thus be used as a template to 
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grow high-quality thin films at moderate temperatures, with fewer trapped defects and 

threading dislocations.  

 In this paper, we focus on structural and microstructural characteristics of thin 

films and show that the initial layer of ZnO on (0001) sapphire can be grown epitaxially 

by PLD via two-dimensional growth in the temperature range 230-290 C. Subsequent 

growth in the temperature range 400-430 C produces high quality device layers with 

fewer defects and negligible residual strains.  Improvement in the film quality by a two-

step growth process has been demonstrated earlier for the III-V systems. Previous studies 

on ZnO [8-13] focused on high temperature growth and films characterized by -2  scans 

(which probe relaxation only along c-axis) showed high quality (low FWHM values). It 

should be noted that -2  scans provide information on alignment only along c-axis 

(textured growth, one-axis alignment) and not in-plane alignment, which determines 

epitaxial growth (three-axis alignment). However, high temperature growth leads to 3-D 

growth with misaligned islands leading to the formation of small-angle grain boundaries 

(high FWHM values in  scans). There have been recent reports on the growth  of ZnO 

thin films on -Al2O3 by employing a homo-buffer at low-temperatures [14,15]. However 

in these reports the LT buffers and the films were annealed at HT to improve the film 

quality. In contrast, in our study the films grown are thinner and only in-situ annealing of 

the buffer during ramp-up to the film growth at a higher temperature was done. The 

FWHM of the (0002) peaks and the strain in the film is less than that reported by Zheng 

et al [14]. It is pertinent to mention that in thin film heteroepitaxy the FWHM and the 

strain in the films decreases with increasing film thickness. In this paper, we report on  

 



201 

 

initial stages of thin film growth and on the microstructural properties of ZnO thin films 

deposited on -Al2O3(0001) by a two-step growth process. In our study, we deposited a 

thin buffer~25nm at two different low temperatures (LT) ~250 and 290 C. The epilayer 

(~45nm) was deposited at ~430 C. Our study demonstrates that the buffer layer grown at  

LT grows epitaxially aligned with sapphire, is single crystal and shows a 2-D growth 

mode. The 2-D growth mode of the NL causes the misfit dislocations to run along the 

film-substrate interface and thus generates very few threading dislocations in the film. 

The growth of epitaxial ZnO films with a smooth surface at low growth temperatures 

presented in this paper opens exciting opportunities for the application of ZnO as a device 

template layer and transparent contact layer in LEDs and display devices. 

 

7.3 Experimental 

 ZnO thin films were grown on -Al2O3(0001) substrate by ablating a 

polycrystalline ZnO target. The target was prepared by pressing and sintering high purity 

(99.9995%) ZnO powder at 800 C for eight hours. A KrF excimer laser with a 

wavelength of 248nm, pulse width 25ns and a fluence of 2-3J/cm
2
 was used. The base 

vacuum prior to deposition was 10
-7

 Torr and films were deposited at an O2 partial 

pressure of 10
-5

Torr. The LT deposition of an ~25nm thick buffer was done at two 

temperatures ~250 and 290 C. Thick films~45nm were deposited on the buffer layers to 

study the effect of the buffer on the epitaxy of ZnO films. Low-resolution (high-intensity) 

x-ray diffraction scans with a slit after the samples were used to determine the lattice 

structure and the epitaxial orientations of the film with respect to the substrate.  
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Subsequent high-resolution x-ray scans used a Ge analyzer crystal after the sample to 

quantitatively determine the lattice parameters and the correlation lengths.  Structural 

characterization was done using a JEOL 2010F electron microscope operating at 200kV 

with a point to point resolution of 1.8Å and STEM-Z of 1.2Å with a Gatan Image Filter 

(GIF) attachment. The samples for TEM were prepared using our conventional sample 

 preparation techniques which included mechanical polishing, dimpling and Ar
+
 ion 

milling. The surface morphology was studied by Atomic Force Microscopy (AFM) in the 

AC mode. 

 

7.4 Results and Discussions 

 The surface morphology of the ZnO films grown at LTs (250&290°C) and at 

~430 C was studied by AFM. Figures 7.1(a) and 7.1(b) show the AFM images for the LT 

buffer grown at 250 C and for the epilayer grown at 430 C on the LT buffer, 

respectively. The surface morphology of the buffer layer shows a very smooth surface 

with a measured surface roughness of less than 1nm. The growth mode is envisaged to be 

two-dimensional. The surface morphology of the epilayer grown on the LT buffer shows 

a surface roughness of about 2nm. The presence of strain is known to cause surface 

undulations in the films [16] and it is consistent with the increase in the surface roughness 

of the film grown at higher temperatures. We propose that the increase in the surface 

roughness is due to the remnant thermal strain which characteristically increases with 

growth temperature and also due to the microstructural strain which depends partly upon 

the growth ambient. This increase in roughness is consistent with x-ray diffraction results 

on in-plane strain measurements (Table7.1). 
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Figure 7.1 AFM images of the ZnO films deposited at (a)250°C showing a smooth 

surface (b) 250+430°C showing a 3D growth.. 
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Figure 7.2 Low-resolution -2  scans for the (a) the buffer layers grown at 250°C 

and 290°C (b) for epilayer grown at ~430 C on the buffer layers 

  

 Figure 7.2 (a) and (b) show low-resolution -2  scans for the grown buffer layers 

and for subsequent growth of the film at ~430 C on the buffer layers. These scans show 

the presence of only (0002) and (0004) peaks of ZnO and the (0006) peak from the  

 



205 

 

Al2O3(0001) substrate indicating c-axis aligned growth of ZnO at LTs and also in the  

 

 

Figure 7.3 Rocking curves measured through the ZnO(0002) peak for (a) the buffer 

grown at 250°C (b) the epilayer grown at 430 C on the buffer (c) the buffer grown at 

290°C (d) the epilayer grown at 430 C on the buffer. 

 

subsequent deposition of the film at ~430 C. Figures 7.3 (a) and (b) show the ZnO(0002) 

rocking curves measured through the ZnO(0002) peak at different  (0, 180) positions for 

the buffer grown at 250°C and the epilayer grown at 430 C on the buffer layer. Figures 

7.3 (c) and (d) show the  scans through ZnO(0002) peaks at different  (0, 180, 90, -90)  



206 

 

positions for the buffer grown at 290°C and the epilayer grown at 430 C on the buffer. 

The superposition of the scans at different azimuthal positions in the buffer layers as well  

as in the epilayer growth indicates that the ZnO(0002) planes are well aligned and parallel 

to the Al2O3(0006) planes. It is observed that the mosaic spread ( ) of the (0002) planes 

of the films grown at 290 C is less than that of the films grown at 250 C. This 

observation is also reflected in the mosaic spread of the films grown at 430 C on the 

buffer layers i.e. Film(250C+430C) > Film(290C+430C). From these observations we can infer 

that the buffer grown at LT influences subsequent film growth. Bragg‟s law was used to 

determine the a and c lattice parameters from high-resolution -2 scans through ZnO 

Table 7.1  Lattice Parameter Calculations 

 250°C 290°C 250+430°C 290+430°C 

a (Å) 3.252 A (RT)
2
 3.246 3.245 3.242 3.243 

c (Å) 5.213 A (RT)
2
 5.233 5.224 5.216 5.215 

FWHM 2 (0002) deg 0.676 0.662 0.180 0.172 

L  (nm) 

(Correlation length (0002)) 12.84 13.12 48.25 50.49 

FWHM 2 (10-11) deg 0.650 0.580 0.250 0.246 

L ( nm) 

(Correlation length (10-11)) 13.43 15.05 34.84 35.41 

Strain along c direction% 

(Measured) 0.393 0.218 0.056 0.045 

Strain in-plane%(Measured) -0.17 -0.19 -0.28 -0.26 

Thermal strain% (Calculated) -0.10 -0.12 -0.18 -0.18 

Poissons Ratio
 0.54 0.37 0.09 0.08 



207 

 

(0002) and (10-11) peaks (not shown) and are listed in Table 7.1. The values of the „a‟ 

lattice constant indicate the presence of a compressive strain in both the buffer and the 

epilayer grown on the buffer. The strain in thin films has three contributing terms: lattice  

strain, thermal strain and microstructural strain. The out-of-plane and in-plane lattice 

strains in the film were determined by using   the expression:   = (lf-lb)/lb; where lf is the 

measured lattice parameter of the film and lb is the bulk value of the corresponding lattice 

parameter. The thermal component of the film strain was calculated by using the 

expression thermal = ( sub- film) T where sub( sap=7.5x10
-6

/K)[2] and film( ZnO=2.9x10
-

6
/K)[2] are the coefficients of thermal expansion of the film and the substrate, T is the 

difference in temperature between the growth temperature and the room temperature. The 

microstructural strain is associated with trapped point defects (like Zn interstitials and 

oxygen vacancies) and extended defects (dislocations, stacking faults and twins), which 

are to some extent dependent on the growth ambient. From our calculations in Table 7.1 

we find that whereas zz becomes almost negligible for the epilayers grown on the buffer 

layers, the value of xx for the epilayers grown on the buffer layers is greater than the 

value of xx for the LT buffer layers. The measured values of the c and a lattice 

parameters show that the observed relaxation in them is not in concert with each other 

leading to a variation in Poisson‟s ratio( )  from 0.08 to 0.54 as shown by the calculated 

values of  in Table 7.1 compared to a normal value of =0.35 for ZnO [2]. The value of  

  was calculated by using the expression   zz= (-2 /1- ) xx, where zz is the measured 

strain along c-axis and xx is the measured strain along the a-axis. The anomaly in the 

behavior of lattice parameters can be explained by the controlled kinetics of the growth 
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 process and the difficulty of dislocation nucleation. We propose that during initial stages 

of film growth the in-plane strain is fully relaxed within the critical thickness of less than 

one monolayer by the paradigm of domain matching epitaxy where integral multiples of 

planes match across the film substrate interface [7]. The increase in the in-plane strain 

with growth temperature is explained by the thermal strain in the film which is inherent to 

the growth temperature of the film and the differences in the coefficient of thermal 

expansion of the film and the substrate. No further in-plane relaxation is allowed after 

initial stages of growth because of the barrier to dislocation nucleation and propagation. 

Also the critical resolved shear stress needed to generate dislocations by plastic 

deformation in a- and c-planes (normal and parallel) is zero. The critical resolved shear  

stress ( r) is given by r = (cos )(cos ), where = xx= yy is the stress in the film plane, 

 is the angle between the plane normal and , and  is the angle between the slip 

direction and . As the film growth proceeds, point defects and planar defects (such as 

twins and stacking faults) are trapped in the deposited film. The presence of native point 

defects in ZnO is known to cause local lattice relaxation due to stretching of the Zn-O 

bond surrounding the defect [17]. The global relaxation observed in the c lattice 

parameter at LT growth of the buffer is explained by the presence of native point defects 

which get incorporated during growth of the buffer layers, because of low migration 

energies of oxygen vacancies and Zn interstitials. Based on the theoretical calculations 

and results of Janotti and Van de Walle [17] it is proposed that the point defects 

introduced during LT growth of the buffer get annealed out during temperature ramp-up 

for the growth of the ZnO epilayer. The annealing out of defects during the temperature 

ramp-up explains the convergence of the c lattice parameter towards the unstrained value 
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for the epilayers grown on the buffer layers. The increase in c requires point defects 

causing outward expansion [17], which can result from zinc interstitials, charged oxygen 

vacancies and stacking faults. Our study thus shows that it is possible to grow completely  

lattice relaxed thin films < 75nm thick at temperatures as low as 450 C. We find that, 

whereas lattice strain in the film is relaxed, the thermal strain is not easily relaxed because 

of inherent difficulty in nucleation and propagation of dislocations along with geometrical 

constraints for resolved shear stress to generate dislocations. This strain is expected to 

play an important role in affecting the device properties of thin films, for example, the 

piezoelectric effect combined with strain directly affects electronic transition processes. 

  The Scherrer equation was used to estimate the correlation length from the x-ray 

peak width and is listed in Table 7.1. For a perfect film the correlation length should be 

approximately equal to the film thickness. The presence of defects, however, reduces the 

correlation length because the lattice planes are not separated by the correct d-spacing and 

hence lose coherence. The calculated values of the correlation length indicate that the 

buffer deposited at 290 C is slightly more coherent than the buffer grown at 250 C. For 

the film deposited at 430 C on these buffers the out-of-plane coherence is better than the 

in-plane coherence. For a perfect ZnO thin film on (0001)Al2O3, the measured correlation 

length should be the smallest for the planes parallel to the surface i.e for (0001) ZnO c-

planes because the film is the thinnest in this direction and the in-plane correlation length 

measured using ZnO(10-11) should be very large (width of the sample ~mm) and a 

measurement would be limited by the instrumental resolution. For a perfect c-axis 

wurtzite ZnO thin film, the correlation length for the ZnO(10-11) planes should be about 

twice as large as for the (0001) because the film is effectively twice as thick in this 

 



210 

 

 direction, i.e. more planes are scattering coherently to make a sharper peak. The fact that 

the measured (10-11) correlation length is actually comparable to or smaller than the out-

of-plane correlation length suggests the presence of defects which are difficult to anneal 

and cause a faster degradation of the perfection in the in-plane direction. To establish the 

existence of epitaxial growth (three-axis alignment) -scans through ZnO(10-11) planes 

of the samples were measured. The -scans in Figs 7.4 (a,b,c and d) show the six-fold 

symmetry of the ZnO film in all the samples. There is a 30  rotation between the in-plane  

 

 

Figure 7.4 -scans through ZnO(10-11) planes of the samples clearly show the six-

fold symmetry of the ZnO films in all the samples. 
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ZnO and Al2O3 directions giving an in-plane orientation relationship ZnO[11-

20]//Al2O3[10-10]. Shan et al [18] have reported the absence of the reflection peaks 

showing sixfold symmetry in the -scans at temperatures less than 300 C and have 

mentioned that epitaxial growth can be achieved at temperatures 400 C and above only. 

On the other hand, the -scans in our studies show that films deposited at LTs also grow 

epitaxially aligned with sapphire substrate and show the presence of only the commonly 

aligned domains. The reason for this difference is attributed to the higher energetic of the  

   

            

Figure 7.5 L-scans through ZnO(10-1L) for all four samples show peaks at integral 

positions indicating a hexagonal ABAB….. stacking in the samples. 
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PLD process. Additional information about the microstructure of the film was revealed by 

L-scans which give information about the stacking sequence of the ZnO planes parallel to 

the surface. The L-scans through ZnO(10-1L) for all four samples in Figs 7.5 (a) and (b) 

show peaks at integral positions, which is consistent with hexagonal wurtzite ABAB…..  

stacking in all the samples.   

 Transmission electron microscopy was used to investigate the details of domain 

matching epitaxy, the interface structure and the nature of defects in the ZnO/ -Al2O3 

heterostructure. Figures 7.6 (a) and (b) show the low-magnification TEM images of the 

interface from Samples 1 and 3. From the images we see that the buffer layer has a 

thickness of~25nm and the epilayer grown at HT on the buffer has a thickness of ~45nm. 

Figures 7.6 (c) and (d) show the selected area electron diffraction (SAED) pattern from 

the interface regions of Samples 1 and 3. The SAED patterns were taken along the [0-

110] sapphire zone axis and give the following epitaxial relationship between the film and 

the substrate: (0002)ZnO//(0006) -Al2O3; [2-1-10]ZnO//[0-110] -Al2O3. This 

relationship corresponds to a 30° in-plane rotation of the film with respect to the substrate 

and an alignment of (01-10) (spacing of 2.814Å) planes of ZnO with (-2110) (spacing of 

2.379 Å) planes of -Al2O3. The epitaxial growth of ZnO on -Al2O3 is controlled by 

DME [7] where integral multiples of lattice planes match across the interface. Under 

these conditions seven planes of sapphire match with six planes of ZnO across the 

interface as can be seen in the FFT images shown in figures 7.6 (g) and (h). Figures 7.6 

(e) and (f) are HRTEM images from the interface regions of Samples 1 and 3. These 

images show an atomically sharp interface between ZnO and -Al2O3 even at LT. 
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 Compared to other film growth techniques, in PLD the growth of 2-D single crystal films 

is enabled at temperatures as low as 250-300 C by the energetics of the PLD process. In 

PLD the kinetic energies of the ablated species lie in a range that promotes surface 

mobility of the adatoms at the surface to enable their migration to thermodynamically  

                                   

            

            

       Figure 7.6 (a), (c), (e) and (g) 
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Figure 7.6 Low-magnification TEM images of the interface from (a) Sample 1 (b) Sample 

3. Selected area diffraction (SAD) pattern from the interface regions taken along the [-

2110] sapphire zone axis for (c) Sample 1 (d) Sample 3. HRTEM images from the 

interface regions of (e) Sample1 (f) Sample 3. Corresponding  FFT image of the interface 

demonstrating matching of integral multiples of lattice planes across the ZnO/sapphire 

interface (g) Sample 1 (h) Sample 3. 
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stable sites and thereby promote epitaxial and 2-D growth of the films even at a low-

temperature. The images indicate the presence of planar defects namely stacking faults 

(SFs) in the region close to the interface. The GaN nucleation layer (NL) shows a crystal  

structure containing both the cubic and the wurtzitic phase of GaN which is attributed to 

the ordered nature of SFs in GaN [19], the SFs in the ZnO buffer are proposed to be 

random in nature. The random nature of the faults in the ZnO buffer is also confirmed by 

the x-ray L-scans which show only a hexagonal signature. 

  In conclusion, we have grown single crystal epitaxial thin films of ZnO at low-

temperatures on sapphire by PLD using a 2-step process. Detailed microstructural 

characterization of the thin films by X-ray diffraction and HRTEM confirms the epitaxial 

growth of the film even at low temperatures. The decoupling observed between the c and 

a lattice parameters leads to abnormal Poisson‟s ratio varying from 0.08 to 0.54. We have 

shown that within the limits of thermal strain, the in-plane strain is fully relaxed at the 

growth temperature by the paradigm of domain matching epitaxy. The relaxation of c-

axis is controlled by the defects trapped during the growth process. Since dislocations are 

not nucleated presumably due to high nucleation and migration barriers and zero resolved 

shear stress in normal planes, no relaxation is allowed in a-axis. Thus, a-axis remains the 

same and c-axis relaxes depending upon the concentration of point defects and stacking 

faults and their annealing during growth. Our study shows that even though it is possible 

to grow completely relaxed films at temperatures less than 500 C, small amounts of 

residual thermal strain less than a few-tenths of a percent remains. AFM measurements 

show that the grown films have very small values of surface roughness. The low-

temperature buffer has a very smooth surface, grows two-dimensionally and is found to  
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influence the subsequent growth of the epi-ZnO film. The 2-D template and the high 

quality epitaxial growth of films at lower temperatures presented in this study can be used 

to grow smooth and less defective films for contact layers and in integration of devices on 

substrates like plastics where HT processing poses a limitation. These results of epitaxial 

growth of single crystal ZnO films at LTs will be supplemented with our further work on 

the electrical and optical properties of the films to provide further insight into the effect of 

buffer and thermal strain on the quality of the film and the nature of residual defects in 

the film. 
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Chapter 8     Thin Film Epitaxy and Structure  Property     

     Correlations for Nonpolar ZnO Films 

( published in Acta Materialia 57(15), 4426, (2009)) 

8.1 Abstract 

 We have investigated heteroepitaxial growth and strain relaxation in non-polar a-

plane (11-20) ZnO films grown on r-plane (10-12) sapphire substrates in the temperature 

range 200-700 C by pulsed laser deposition. The lattice misfit in the plane of the film for 

this orientation varies from 1.26% in [0001] to 18.52% in [-1100] direction.  The 

alignment of (11-20) ZnO planes parallel to (10-12) sapphire planes was confirmed by x-

ray diffraction -2  scans over the entire temperature range. X-ray -scans revealed the 

epitaxial relationship:[0001]ZnO//[-1101]sap; [-1100]ZnO//[-1-120]sap. Depending on 

the growth temperature, variations in the structural, optical and electrical properties were 

observed in the grown films. Room temperature photoluminescence (PL) for films grown 

at 700 C shows a strong band edge emission. The ratio of the band edge emission to 

green band emission is 135:1 indicating reduced defects and excellent optical quality of 

the films. The resistivity data for the films grown at 700 C shows a semiconducting 

behavior with room temperature resistivity of 2.2E-3 -cm.  
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8.2 Introduction 

 With a direct bandgap of 3.32eV and an exciton binding enegy of 60meV, ZnO is 

considered to be an attractive alternative to GaN for a host of optical devices including 

blue or ultraviolet light emitting diodes, laser diodes and optical sensors[1-2]. However 

most of the reported work so far has focused on polar ZnO grown on c-sapphire. Polar 

hetrostructures experience strong spontaneous and piezoelectric polarization fields which 

reduce the overlap between the electron and the hole wavefunctions and thus reduce the 

luminous efficiency of light-emitting diodes(LEDs). It has been demonstrated that the 

growth of non-polar films can eliminate the polarization effects and in turn increase the 

quantum efficiency of LEDs. In the case of GaN based LEDs the internal quantum 

efficiency has increased from  35% in polar hetrostructures to   50% in LEDs grown on 

nonpolar substrates. 

 This paper reports the growth of non-polar a-plane ZnO (a-ZnO) films on r-plane 

sapphire substrates via pulsed laser deposition(PLD) over the temperature range 200-

700 C and focuses on the details of epitaxial growth in the orthogonal in-plane directions 

where the anisotropic lattice misfit changes from 1.26% in [0001] to 18.52% in [-1100] 

direction. There have been earlier reports on the growth of a-plane ZnO films on r-plane 

sapphire by MOCVD [3-5] and MBE [6-9]. These reports determined epitaxial 

relationships, but did not address the details of strain relaxation and epitaxy under large 

misfit conditions. In addition, misfit anisotropy in the thin film plane was not considered. 

The in-plane misfit anisotropy can play an important role in strain relaxation of a-ZnO on 

r-plane sapphire substrates, since  , where xx and yy are the in-plane  
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strains, zz is the strain along the film normal and  is the Poisson‟s ratio. By invoking 

positive and negative in-plane strains it is possible to minimize the overall strain in the 

film. Strain relaxation in thin films under large anisotropic misfit conditions becomes 

significant for device applications of nonpolar films. In our work we address the issue of 

strain relaxation for films less than 300nm thick and grown in the temperature range 200-

700 C. Low temperature growth and strain relaxation are of special significance for 

growth of thin films on temperature sensitive substrates. The primary focus of our study 

is on the management of strain, characteristics of epitaxy and defect microstructure as a 

function of growth temperature to establish structure-property correlation of these films.  

The details of the epitaxial growth of a-plane ZnO films on r-plane sapphire have been 

investigated by high-resolution x-ray diffraction and high-resolution transmission electron 

microscopy (HRTEM). The electrical and optical properties of the ZnO films were 

studied to establish structure-property correlations and assess their potential for device 

structures. Our work shows that though the films grow epitaxially over the temperature 

range 200-700 C, the film growth variables namely the oxygen partial pressure, growth 

temperature and film thickness strongly influence the microstructure of the films and its 

correlation with the electrical and optical properties of the films needed for device 

applications .  

 

8.3 Experimental 

 The a-plane ZnO films were grown on r-plane sapphire substrates by PLD. The 

ZnO target was prepared by solid-state reaction technique. A pulsed KrF excimer laser  
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with a wavelength of 248nm and pulse duration of 25ns was used for ablation. The energy 

density of the laser beam was 2-3J/cm
2
 with a repetition rate of 5Hz. The base pressure of 

the chamber prior to deposition was 7E-7Torr and deposition was carried at an oxygen 

partial pressure of ~2E-4Torr over the temperature range 200-700 C. For a comparison of 

properties, the ZnO films were also grown on c-sapphire substrates. The x-ray 

diffraction(XRD) ( -2 ) scans were measured using a Rigaku X-ray diffractometer with 

Cu-K  radiation and a Ni filter. A JEOL 2010 field emission transmission electron 

microscope(TEM) and JEOL 2000FX were used to perform the detailed studies on 

epitaxial characteristics and nature of defects and interfaces for structure-property 

correlations. The surface morphology of the films was studied by atomic force 

microscopy(AFM) done on a JEOL 5200 microscope. The photoluminescence (PL) 

optical measurements were made using a Hitachi U-2500 fluorescence   

spectrophotometer. The electrical resistivity measurements were carried out using the 

Agilent 4155B semiconductor parameter analyzer. These measurements were made by 

the Van-der-Pauw technique using indium contacts and gold wires. 

 

8.4 Results and Discussion 

Figure 8.1 (a) shows the x-ray -2  scans for ZnO films grown on r-plane sapphire 

substrate in the temperature range 200-700°C.   The scans show (10-12), (20-24) peaks of 

sapphire and the (11-20) peak of ZnO establishing an out of plane growth orientation 

relationship of (11-20)ZnO//(10-12)sapphire. This orientation relationship was found to 

be stable over the temperature range 200-700°C. From the scans it was found that the  
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Figure 8.1  (a) XRD -2  scan of a-plane ZnO films grown on r-sapphire in the 

temperature range 700- 200°C. XRD phi-scans of  (b) sapphire (00012) reflection (c) 

ZnO (10-10) reflections (d) Schematic showing a lattice misfit of 1.26% along in-plane c-

axis of ZnO and a misfit of 18.52% along in-plane m-axis of ZnO. 
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films grown at 700 C showed the maximum intensity for the 2  peak and the narrowest 

FWHM~0.29  indicating improved crystallinity of the film. Off-axis diffraction peaks 

were used to determine the in-plane orientation of the ZnO film with respect to the 

substrate. Figure 8.1 (b) and (c) shows phi-scans for sapphire(00012) and ZnO(10-10) 

reflections. The 180  separation for the (10-10) ZnO peaks indicates two-fold symmetry  

of these planes in the a-plane. From the correlation between the  positions of the ZnO 

and sapphire peaks the following epitaxial relationship was derived :  (11-20)ZnO//(10-

12)sap, [0001]ZnO//[-1101]sap which is in concurrence with the epitaxial relationship 

reported in literature for growth of a-ZnO on r-sapphire by other growth techniques[5,6] . 

Our results on epitaxial growth of (11-20)ZnO films on (10-12)sap substrate are 

summarized in figure 8.1 (d) with an in-plane orientation relationship: [0001]ZnO//[-

1101]sap and [-1100]ZnO//[-1-120]sap. As can be seen in the figure, the calculated value 

of the lattice mismatch along in-plane c-axis of  ZnO is only 1.26% while the lattice 

mismatch along the in-plane m-axis of ZnO is 18.52%. The observed in-plane epitaxial 

relationship with a small misfit along c-axis of ZnO and a large misfit along m-axis of 

ZnO can be explained by the paradigm of domain matching epitaxy[10] where matching 

of domains of lattice planes is considered along the film substrate interface. For the 

projection along [0001] direction of ZnO, the 18.52%% misfit can be accommodated by 

matching of two alternating domains. In one domain five ZnO(1-100) planes match six 

sap(11-20) planes. In the other domain, six ZnO(1-100) planes match with seven sap(11-

20) planes. The misfit will be completely relaxed if these domains alternate with a 

frequency of 3:2. The 1.26% misfit for the projection along [-1100] direction of ZnO can 

be accommodated by matching of  ZnO(0001) planes with sap(-1101) planes.  
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 The strain in a film has three components: (a) lattice misfit (b) thermal misfit and 

(c) defect related strain. These strains are additive and can be measured by x-ray 

diffraction analysis. According to Poisson‟s relationship, these strains are related by the 

expression , where  is the strain in the growth direction that is [11-

20]ZnO ,  are the strain in the in-plane directions that is [-1100]ZnO and 

[0001]ZnO respectively and  is the Poisson‟s ratio. For the growth of a-ZnO on r-

sapphire, if we consider relaxed values of lattice parameters for the film and the substrate 

then the lattice parameters for the film and the substrate along [0001]ZnO are 

cZnO=0.5206nm and (3a
2

sap+c
2

sap)=1.5384nm. The lattice spacing of sapphire is three 

times the lattice spacing of ZnO and gives a compressive lattice misfit of 1.26% along 

[0001]ZnO. The lattice parameters along [-1100]ZnO are calculated as 3aZnO=0.5627nm 

and asap=0.4758nm and also give a compressive lattice misfit of 18.52% between the film 

and the substrate. The values of thermal coefficient of expansion in the „a‟ and „c‟ 

directions for ZnO and sapphire available in the literature for the temperature range 200-

700 C predict the presence of a compressive thermal strain in the film. The calculated 

value of  from -2  scans in the [11-20] direction which is the growth direction of the 

film indicates the presence of a compressive strain for films grown at 500 C and the 

presence of a tensile strain for films grown at 700 C. The observed strain variation with 

growth temperature could be explained by the defect strain which is a function of the 

growth ambient and can be compressive or tensile depending upon the nature of defects 

present in the film [11].  In a recent  work Saraf et al[12] have reported a net compressive 

strain xx in the film along [0001]ZnO and a net tensile strain yy in the film along  
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[-1100]ZnO. They have shown that with increasing film thickness yy relaxes faster than 

xx because of the larger misfit of 18.52% along [-1100]ZnO. In our previous in-situ x-ray 

diffraction (using synchrotron) studies [10] on ZnO/c-plane sapphire we have shown that 

large misfit strain~15.44% are relaxed rapidly within 1-2monolayers. Because of the large 

misfit of 18.52% along [-1100]ZnO we propose a complete relaxation of lattice strain in 

the film along this direction and attribute the measured strain to the thermal strain and 

defect strain. Film relaxation along [-1100]ZnO can also be explained by the nucleation 

and glide of dislocations because slip systems can be easily activated along this direction. 

The smaller strain measured along [0001]ZnO is harder to relax because of nucleation 

and propagation barriers for dislocations since the resolved shear stress along [0001] is 

zero and slip systems cannot be activated. The strain along [0001] must therefore  have 

three components: lattice, thermal and defect strain.  

 Cross-sectional TEM imaging was done to study the epitaxial relationship and the 

structure of the interface between ZnO and sapphire. The inset in figure 8.2 shows the 

selected area diffraction pattern at the ZnO sapphire interface from a cross-section sample 

for the film grown at 700 C. The zone axes for ZnO and sapphire are identified as [10-

11]ZnO and [2-201]sapphire giving an epitaxial relationship of [10-11]ZnO//[2-201]sap. 

The diffraction pattern shows that the (0-11-2) plane of sapphire is parallel to the (1-210) 

plane of ZnO. During the alignment of the zone axes it was observed that the film and the 

substrate zone axis were off by ~ 4-5 degrees. This offset in the zone axes is evident in 

the diffraction pattern where the corresponding film and the substrate planes are not 

exactly parallel but are tilted with respect to each other by 4-5 degrees. The 

misorientation between the film and substrate zone axes is explained by the 86° rhombic  
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symmetry of the sapphire (10-12) crystal planes [13]. As a result the electron beam in a 

X-section sample is along the direction perpendicular to the (0-11-2) plane which is 

equivalent to an angle of 86°to the substrate surface. Figure 8. 2 shows the HRTEM 

image of the film substrate interface taken in [10-11] zone axis of the film for a film 

grown at 700°C. The image shows that the interface between the film and the substrate is 

atomically sharp and shows planar matching between the film and substrate planes across 

the interface. We also do not see any stacking faults in this orientation.  

                                  

Figure 8.2 HRTEM micrograph showing a sharp interface for the epitaxial growth of 

a-plane ZnO film on r-plane sapphire. The inset shows the selected area diffraction 

pattern from the interface region taken along [10-11] zone axis of ZnO. 

 

 Figure 8.3 shows AFM images of films grown at 700 C and at 400 C. The 

measured RMS roughness of the films grown at 700 C and at 400 C is 4nm and 3nm,  
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respectively, from a 5 mx5 m scan area. These values indicate that the films have a 

relatively smooth surface and that the surface roughness is a function of the growth 

temperature. The surface morphology of the film shows an elongated, stepped growth 

along one direction indicating the presence of an in-plane anisotropy. The elongated 

growth direction is identified as [0001] direction, which is the kinetically favored growth 

direction in wurtzite structures. The steps are wider for the films grown at 700 C than for 

the film grown at 400 C and illustrate the effect of temperature on film growth with a 

larger grain size being observed at higher growth temperatures.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  

 

  

Figure 8.3 AFM images showing the elongated stepped growth morphology of a-

plane ZnO films on r-plane sapphire at (a) 700°C (b) 400°C. 

 

 The quality of the films grown at different temperatures was further studied by 

measuring the optical and electrical properties of the films. Figure 8.4 (a) shows the PL 

data for 225nm thick films. It is seen that films grown at 700 C shows a strong near band 

edge emission whereas the near band edge emission intensity drops sharply for films  
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grown in the temperature range 400-600 C. From the PL data shown in Figure 8.4 (b) it 

can be seen that the ratio of the band edge to the green band emission is approximately 

the same ~3:1 for the films grown in the temperature range 300°C to 600°C and it  

 

 

                                 

Figure 8.4  Room temperature PL spectra of a-plane ZnO grown on r-plane sapphire 

obtained using the 300nm wavelength from a Xe lamp source for excitation (a) at 700°C, 

the inset shows the PL for films grown at 600°C, 500°C, 400°C (b) Variation in the near-

band edge PL intensity and intensity ratio of band-edge emission to green band emission 

with growth temperature (c) Effect of film thickness and oxygen partial pressure on the 

PL spectra for ZnO films grown at 700°C. 
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increases to 135:1 for films grown at 700 C. Figure 8.4 (c) shows the effect of thickness 

and oxygen partial pressure on the PL spectra. In both cases a drop in the PL band edge 

emission intensity was observed. These results show that the optical quality of the film is 

a function of the growth temperature and oxygen partial pressure. Undoped ZnO is 

characterized by the presence of native point defects namely donors and acceptors which 

influence its electrical and optical properties [2]. The presence of green band 

luminescence indicates that the mid-gap state defects is higher for films grown at 

temperatures 600 C and below compared to the films grown at 700 C. The increase in the 

band edge emission intensity, which indicates an increase in the radiative recombination 

across the bandgap, and the narrow FWHM of the PL curve are indicators that the film 

has fewer defect states and is of good optical quality.  From the PL data it is also seen that 

the films grown at 700°C show a red emission which is not seen for films grown at 600°C 

and below. This is attributed to double diffraction effects of the near band edge and is 

observed for the case where the intensity of the band edge is high but is not seen in the 

samples where the intensity is low. 

 Figure 8.5 shows the resistivity measurements in the temperature range 15K-300K 

for films grown at 700°C and 400°C. The films grown at 700°C show a negative 

temperature coefficient of resistivity which is characteristic of semiconducting behavior. 

For films grown at 400°C a drop in resistivity is observed in the temperature range 50K to 

170K while for temperatures higher than 170K the resistivity continues to increase upto 

room temperature (RT). This transition in resistivity behavior  has not been observed on 

c-plane sapphire substrates for the case of undoped ZnO films grown under similar 
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 conditions by us. It is also seen that the resistivity of the films grown at 400 C is four 

times higher than that of the films grown at 700 C. The initial decrease in resistivity at 

low temperatures in this sample can be explained by contributions to electrical transport 

from shallow donor states and the subsequent increase in resistivity can be explained by 

the thermal activation of deep level defect states or shallow acceptor states which leads to 

increased scattering. It is interesting to note that a similar transition in resistivity has been  

 

Figure 8.5 Van-der-Pauw resistivity measurements for a-plane ZnO films grown on r-

plane sapphire at (a) 700°C (b) 400°C. 

 

reported by Brilis et al [14] for undoped ZnO thin films grown on Si(100). They have 

however reported a change in the conductivity from n-type at low temperatures to p-type 

at temperatures higher than 270K.  

 In summary, we have established the epitaxial growth of a-ZnO films on r-

sapphire in the temperature range 200 C-700 C by PLD. The epitaxial relationship 

between the film and the substrate was determined to be (11-20)ZnO//(10-12)sap, 

[0001]ZnO//[-1101]sap. From x-ray scans it was found that the epitaxial quality of the 

films improved with growth temperature with films grown at 700 C showing the 
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 maximum peak intensity and minimum value of FWHM. The surface morphology of the 

films shows a preferred in-plane growth along the c-axis and indicates the presence of an 

in-plane anisotropy. The observed in-plane anisotropy which is associated with strain in 

the film requires further analysis by detailed x-ray diffraction measurements to study its 

effect on electrical and optical properties. The high value of the band edge to green band 

emission ratio of 135:1 for films grown at 700 C indicates an improved optical quality of 

the film and suggests the potential of these films for optoelectronics with improved 

efficiency.  
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Chapter 9  Nonpolar ZnO Film Growth and Mechanism  

       for Anisotropic in-plane Strain Relaxation  

( accepted for publication in  Acta Materialia ) 

9.1 Abstract 

 Using HRTEM and x-ray diffraction we have investigated the strain relaxation 

mechanisms for nonpolar (11-20) a-plane ZnO epitaxy on (1-102) r-plane sapphire, where 

the in-plane misfit ranges from -1.5% for [0001]ZnO//[1-10-1]sap to -18.3% for [-

1100]ZnO//[-1-120]sap direction. For the large misfit [-1100]ZnO direction the misfit 

strains are fully relaxed at the growth temperature, leaving only  thermal misfit and defect 

strains, which cannot be relaxed fully by slip dislocations. For the small misfit direction, 

lattice misfit is not fully relaxed at the growth temperature, and as a result, additive 

unrelaxed lattice, thermal misfit and defect strains contribute to the measured strain. Our 

x-ray diffraction measurements of lattice parameters show that the anisotropic in-plane 

biaxial strain leads to a distortion of the hexagonal symmetry of the ZnO basal plane. 

Based on the anisotropic strain relaxation observed along the orthogonal in-plane [-1100] 

and [0001] ZnO stress directions and our high-resolution TEM investigations of the 

interface, we show that the plastic relaxation occurring in the small misfit direction 

[0001]ZnO by dislocation nucleation is incomplete. These results are consistent with the 

domain matching paradigm of a complete strain relaxation for large misfits and a 

difficulty in relaxing the film strain for small misfits.  
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9.2 Introduction 

 Growth of ZnO heterostructures is of significant technological importance 

because of its optoelectronic applications as light emitting diodes(LEDs) in the blue and 

ultra-violet regions of the spectrum[1,2]. Due to its wurtzite structure film growth along 

the [0001] direction suffers from spontaneous polarization and strain-induced 

piezoelectric polarization. The polar nature of the [0001] axis in wurtzite structures leads 

to the spontaneous formation of large sheet charges at the interfaces which lowers the 

electron-hole recombination probability and consequently the photon generation 

efficiency of LEDs. In addition, the residual strain contributes to strain-induced 

piezoelectric polarization which can generate internal fields and lower the photon 

generation efficiency of LEDs further. The residual strain in thin films consists of three 

components: (a) lattice misfit strain, (b) thermal misfit strain, and (c) defect strain. The 

generation of large electrostatic fields due to spontaneous and piezoelectric strain in thin 

film structures reduces the overlap between the electron and hole wavefunctions in 

quantum well structures and consequently lowers the internal quantum efficiency of 

LEDs[4]. The polarization effects can be eliminated in epitaxial thin films grown in 

nonpolar orientations because in these cases the spontaneous component of polarization 

does not exist and the growth planes consists of both cations and anions. However, 

residual strain will introduce piezoelectric polarization. Compared to polar ZnO films 

which experience isotropic biaxial strain (in-plane) on c-plane sapphire substrate, the 

biaxial in-plane strain for nonpolar ZnO films is anisotropic due to the anisotropies in the 

lattice misfit as well as in the thermal expansion coefficients of the film and the substrate  
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in the in-plane directions. The presence of strain is known to affect the electronic band 

structure and the optical response of semiconductor materials[5]. In the case of nonpolar 

a-plane ZnO films grown on r-sapphire, the presence of an in-plane anisotropy of optical 

characteristics has been reported[6]. The anisotropic strain in nonpolar ZnO 

heterostructures can be applied to optical switching and polarization sensitive 

photodetectors as has  been demonstrated in the case of GaN thin film heterostructure 

devices[7,8]. 

 Heteropitaxial growth of nonpolar a-plane ZnO has been reported on r-plane 

sapphire[9-11]. Chauveau et al[12] used  HRTEM to qualitatively investigate strain 

relaxation in MBE grown thick films (~1 m). Their results showed that there is almost a 

complete strain relaxation along the large misfit [-1100]ZnO direction, whereas the strain 

relaxation along the small misfit [0001]ZnO direction is incomplete. They explained their 

results using the paradigm of domain matching epitaxy(DME)[13] which predicts growth 

characteristics of fully relaxed films for large misfits(>7%) and the difficulty in strain 

relaxation in MOCVD grown films, for the case of small lattice misfits. Saraf et al[14] 

used x-ray diffraction to study strain relaxation and reported strain values of 0.4% along 

[1-100]ZnO, -0.6% along [0001]ZnO and 0.3% along [11-20]ZnO for films ~250nm thick 

and strain values of 0.25% along [1-100]ZnO, 0.47% along [0001]ZnO and 0.15% along 

[11-20]ZnO for films 520nm thick. In the present work, we have combined high-

resolution x-ray diffraction with HRTEM to investigate the details of misfit strain 

relaxation, where the total strain consists of lattice misfit, thermal misfit and defect strain. 

We observed relaxation in relatively thinner films ~175nm thick films with measured  
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strain values of 0.17% along [-1100]ZnO, -0.4% along [0001]ZnO and 0.04% along [11-

20]ZnO. A comparison of the reported strain in the films by different growth 

processes[12,14] and our work shows that by the PLD growth process, we were able to 

relax the strain in the films at much smaller values of film thickness. This is because the 

PLD growth technique is a highly energetic process compared to MBE and MOCVD and 

the kinetic energies of the ablated species in PLD lie in a range that promotes surface 

mobility of the adatoms at the surface to enable their migration to thermodynamically 

stable sites.  

 In our previous work[15], we have reported the structure property correlations of 

(11-20) a-plane ZnO films grown on (1-102) r-plane sapphire substrate. In the present 

work, we report a comprehensive study of the strain anisotropy in (11-20)ZnO films 

grown on (1-102)sapphire substrate, based on determination of in-plane and out-of-plane 

lattice parameters, generation of misfit dislocations at the interface and plastic strain 

relaxation in the film by dislocation nucleation due to activation of slip systems for 

nonpolar wurtzite film growth. Our detailed x-ray measurements show that the presence 

of anisotropic in-plane strain causes a distortion of the hexagonal symmetry of the basal 

plane. The symmetry distortion is explained by the fact that the strains in the basal plane 

are not isotropic along [-1100] ZnO and [11-20]ZnO. This is because ZnO is stress free in 

the [11-20]ZnO growth direction whereas it is under stress by the substrate along the [-

1100]ZnO direction. Our results show that there is almost a complete relaxation of strain 

in the large misfit [-1100]ZnO direction, whereas it is difficult to relax the strain in the 

small misfit [0001]ZnO direction. Lattice relaxation by dislocations is facilitated either by 

misfit dislocations at the interface or by dislocation nucleation at the free surface and 
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 propagation to the interface. Dislocation nucleation at the free surface is limited by the 

free surface step energy and the lattice misfit strain, whereas dislocation propagation is 

controlled by the lattice frictional stress. It is argued that for a small misfit, where critical 

thickness is large, both  dislocation nucleation and glide steps provide a barrier to full 

relaxation. 

 

9.3 Experimental 

 The (11-20)ZnO films ~175 nm thick were grown by pulsed laser deposition at 

500 C on (1-102)sapphire substrates by focusing a KrF excimer laser with a wavelength 

of 248 nm and pulse duration of 25 ns on ZnO target. The energy density of the laser 

beam was 2-3 J/cm
2
 with a repetition rate of 5 Hz. Our method resulted in the formation 

of high quality thin films at relative lower temperature of 500 C. The base pressure of the 

chamber prior to deposition was 7E-7 Torr and deposition was carried out at an oxygen 

partial pressure of 2E-4Torr. The x-ray scans of the films were measured on a Huber 4-

circle diffractometer with a vertically focusing graphite (0002) monochromator before the 

sample and Soller slits after the sample. The instrumental resolution was determined to be 

0.075 deg. A JEOL 2010F electron microscope operating at 200 kV with a point-to-point 

resolution of 1.8Å and STEM-Z resolution of 1.2Å with a Gatan image filter (GIF) 

attachment was used for determination of the nature of dislocation and strain relaxation of 

the film, and to establish the detailed epitaxial relationship between the film and the 

substrate. 
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9.4 Results and Discussions 

 Figure 9.1 shows x-ray diffraction -scans through the ZnO(10-10) and c-axis 

Al2O3(00012) reflections. The epitaxial relationship between the film and the substrate 

was determined by 2 -  scans and -scans to be (11-20)ZnO//(1-102)sap, 

[0001]ZnO//[1-10-1]sap and [-1100]ZnO//[-1-120]sap. The L-scans through the (10-1L) 

peaks in reciprocal space which probe the stacking sequence (wurtzite (ababab) versus 

zincblende (abcabcabc)) in a crystal structure were used  to verify the presence of only 

the wurtzite phase of ZnO in the films. The L-scan in figure 9.2 shows peaks only at  

 

Figure 9.1 ϕ scan through Al2O3(00012) and through ZnO(10-10) showing the in-

plane orientation of the sapphire substrate and the film. 

 

                                  

Figure 9.2 The ZnO(10-1L) scan with peaks only at integral values verifying the 

wurtzite structure of ZnO film. 
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integral positions thereby confirming the wurtzite structure of the film. A schematic of the 

epitaxial relationship between (11-20)ZnO films on (1-102)sap substrate is shown in 

figure 9.3(a). The calculated value of the room temperature lattice mismatch along the in-

plane ZnO[0001] is only -1.5% while the lattice mismatch along the in-plane ZnO[-1100] 

is -18.3% at room temperature. The observed in-plane epitaxial relationship with a small 

misfit along c-axis of ZnO and a large misfit along m-axis of ZnO can be explained by 

the paradigm of domain matching epitaxy[13,15] where matching of domains of lattice 

planes is considered along the film substrate interface. Figures 9.3(b) and (c) show  

                                         

     

Figure 9.3 (a) A schematic showing the epitaxial relationship between a-plane ZnO 

films grown on r-plane sapphire. (b) and (c) Schematics of the top surface of (1-

102)sapphire and (11-20)ZnO respectively.  
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schematics of the top views for r-plane (1-102)sapphire and a-plane (11-20)ZnO, where 

only single atom planes of each species are included. The surface unit cells for ZnO and 

sapphire have been labeled in the projected images. The in-plane translational period of 

ZnO along [1-100]ZnO is 5.6288Å, while the translational period for [11-20]Al2O3 is  

4.758 Å, which gives a lattice misfit of -18.3% along [1-100]ZnO. The large misfit of -

18.3% along [1-100]ZnO can be accommodated by matching of two alternating domains 

of lattice planes. In one domain five ZnO(1-100) planes match six sap(11-20) planes. In 

the other domain, six ZnO(1-100) planes match with seven sap(11-20) planes. The misfit 

will be completely relaxed if these domains alternate with a frequency of 3:2. The 

translational period along [0001]ZnO is 5.206 Å and the translational period along [1-10-

1]Al2O3 is 15.384 Å. The [1-10-1]Al2O3 translational period is approximately three times 

that of [0001]ZnO which gives a lattice misfit of -1.5% along [0001]ZnO. This misfit can 

be accommodated by matching of  ZnO(0002) planes with sap(-1104) planes.  

 A high resolution transmission electron microscopy (HRTEM) micrograph from 

the film-substrate interface region taken along the [1-10-1] zone axis of ZnO is shown in 

figure 9.4(a). The HRTEM micrograph of the interface region clearly delineates an 

atomically sharp and abrupt interface with no interfacial reaction as shown in figure 

9.4(b). Along [0001]ZnO, the  lattice  misfit is -1.5% but the net residual strain is  -0.4%, 

which is relaxed by generation of dislocation whose spacing is given by b / rr 

corresponding to a full relaxation, where rr is the relaxed component of the strain. Thus, 

we expect to see dislocations only separated by a relatively large distance. Figure 9.4(a) 

shows a dislocation in the field of view with a missing plane in ZnO, which is consistent 

with net residual strain being compressive (negative) in the small misfit direction. The  
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burgers circuit for the dislocation is illustrated in figure 9.4(a). The points marked S and F 

indicate the „start‟ and „finish‟ of the circuit. The dislocation is identified as belonging to 

the slip system {0-111} <11-23>. It can be seen clearly that the dislocation which starts 

from the surface does not reach the interface. The dislocation termination in the film 

explains the residual compressive strain measured in the small misfit direction. This is 

consistent with the stress relaxation mechanism discussed in a later section. 

   

Figure 9.4 (a) HRTEM micrograph taken along [1-10-1] zone axis of ZnO showing a 

dislocation with a missing plane in ZnO which is consistent with the net residual strain 

being compressive. The points marked S and F indicate the ‘start’ and ‘finish’ of the 

burger’s circuit for the dislocation. The dislocation is identified as belonging to the slip 

system (01-1-1) <11-23> with a burgers vector 1/3<11-23>. (b) Low magnification 

image of the interface. 

 

 To determine the lattice parameters along the three principal directions shown in 

figure 9.3(a), the d-spacings for (hkil) planes in different directions were measured. High 

resolution x-ray 2 -  scans were used to determine the d-spacings. The d-spacings of the 

(11-20) and (1-100) ZnO planes do not depend on the c-lattice parameter, but due to  
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anisotropic strain, they are expected to reveal slightly different values for the effective a- 

lattice parameter. The (11-20) d-spacing was measured directly to determine the out-of-

plane ZnO a-lattice parameter. The (1-100)ZnO planes are at =90  from the surface 

normal (11-20) ZnO planes and would require difficult x-ray measurements in the in-

plane glancing angle geometry. Therefore to determine the d-spacing for the (1-100) 

planes the sin
2

 technique was used. In this technique, the d-spacing for different 

diffraction peaks in the l=0 plane and as a function of the angle  away from the surface 

normal were measured. To compare the results for different reflections, the d-spacings 

were converted to an effective ZnO lattice parameter a. By plotting a as a function of the 

angle away from the surface normal, we obtained both the out-of-plane and the in-plane 

(by extrapolation) lattice parameter. This type of approach is referred to as a sin
2

 

technique because a straight line will be obtained when the lattice parameter is plotted as 

a function of sin
2

. Thus a at sin
2

=0 corresponds to the out-of-plane (normal) ZnO 

lattice parameter along the [11-20] direction and a at sin
2

=1 corresponds to the in-plane 

lattice parameter along the [1-100] direction. Figure 9.5 is a stereographic projection 

showing the (11-20)ZnO pole and the l=0 reflections used for this measurement circled in 

red. The calculated a-lattice parameters for the different diffraction peaks in the l=0 plane 

are listed in Table 9.1. Figure 9.6 shows a plot of the ZnO a-lattice parameter versus  
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Figure 9.5 Stereographic projection of (11-20)ZnO plane. (11-20) is the surface 

normal plane. The red circles show the reflection peaks used to determine the a lattice 

parameter along [1-100]ZnO. The green circles show the reflection peaks used for 

determination of the c lattice parameter. 

 

Table 9.1 Measured values of a lattice parameter of the (hkil) planes with l=0 as a 

function of the angle away from the surface normal. 
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Figure 9.6 Plot of a lattice parameter as a function of sin
2

 (  angle of the 

diffraction plane normal away from the surface normal) for l=0 planes.  Extrapolation of 

the plot at sin
2

=1 was used to determine the value of a along [1-100]. 

 

sin
2

 using peaks in l=0 plane. By extrapolation of the line the a lattice parameter along 

[1-100] was determined to be 3.2555Å at sin
2

=1. The in- plane c-lattice parameter was 

also measured indirectly since the (0001) reflection is also at a glancing angle inclination  

of 90  from the surface normal. First the d-spacing in the l=0 plane (e.g. (11-20)ZnO 

surface normal) was measured and then c was calculated from measurements of the d-

spacing for reflections with some dependence on c. To get accuracy in the measurement, 

several reflections with a large c-component were used. These reflections are indicated by 

the green circles in figure 9.5. These results for c lattice parameters are shown in Table 

9.2 where the measured value for the in-plane ZnO c lattice parameter is 5.186Å. 

 Table 9.3 lists the measured and the bulk literature values of the lattice parameters 

along the three epitaxial directions. From the tabulated values we can make the following 

conclusions. First, the measured value of the lattice parameter a = 3.251Å along  
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       Table 9.2  ZnO reflections used to measure the  c lattice parameter. 

                            

the [11-20] ZnO direction that is the surface normal ( =0°) shows that the out-of-plane 

film response to in-plane stresses is tensile with a residual strain of +0.04%. Second, the 

in-plane [1-100]ZnO direction shows a measured residual strain of +0.17% vis-à-vis the 

calculated misfit of -18.3%. The calculated thermal contraction strain for growth at 500°C 

in [1-100]ZnO is negligibly small at 0.01%. This indicates that the misfit strain is  

Table 9.3 Bulk literature values of the lattice misfit and the thermal strain in the 

in-plane directions, [0001] and [1-100] ZnO respectively.  Measured values of the 

lattice parameters in the film and the corresponding residual strain along the 

surface normal and the in-plane directions. [a See Ref 16 b See Ref 17] 
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completely relaxed in the large misfit direction and the observed strain could be explained 

mainly by the presence of defects since the thermal strain along this direction is 

negligibly small. It is interesting to note here that along [1-100]ZnO a final, small tensile 

strain results from a large compressive lattice mismatch. Third, in the [0001] ZnO 

direction, the measured value of c is 5.186Å indicating the presence of a residual strain of 

-0.4% versus the initial lattice misfit of -1.5%. The calculated thermal strain along this 

direction is -0.18%. These values suggest that strain relaxation along the in-plane 

[0001]ZnO direction is more difficult and does not occur at the same rate as along the [1-

100] ZnO direction.     

 The strain in thin films generally has three components: (a) lattice misfit strain, (b) 

thermal differential contraction strain, and (c) defect strain. The defect strain is related to 

the inherent defect (point defects) strain associated with the growth ambient of ZnO films 

and the dislocations strain. For the growth of nonpolar (11-20)ZnO films we can 

conceptually think of the tetrahedrally coordinated ZnO structure with a hexagonal lattice 

to be distorted by different substrate induced in-plane stresses along the two orthogonal 

in-plane directions [0001] ZnO and [-1100]ZnO. The growth of [11-20]ZnO structure can 

thus be described as a triaxially-strained hexagonal lattice, where strains in the two 

different in-plane directions are controlled by the anisotropic lattice matching and thermal 

contraction of the film and the substrate. The out-of-plane lattice parameter is determined 

by an anisotropic Poisson‟s ratio effect. If we consider the natural coordinate system xyz, 

in which the natural coordinate z is in direction [0001] of the wurtzite crystal lattice and 

the x and y coordinates are in the basal (0001) plane, then the isotropy of the basal plane 

allows us to select the x-axis along [11-20]ZnO and the y-axis along [-1100]ZnO  

(orthogonal directions in the basal plane). Considering the relation between the stress  

and strain  tensors in linear elasticity theory, ij = Cijkl kl where the coefficients Cijkl are 
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the elastic constants, the strain state in the film for growth along [11-20]ZnO can be 

expressed as                               where the stress xx along the growth direction [11-

20]ZnO is zero. From the measured strain values in the film listed in Table 9.3 we can 

infer that the in-plane strains cause a relaxation of the film in the normal growth direction. 

The experimentally determined values of the lattice parameters along the growth 

directions also show that a lattice parameter has different values along the in-plane [1-

100]ZnO and out-of-plane [11-20]ZnO directions, consequent to [11-20]ZnO being the 

stress free direction. The result of different tensile strains along [1-100]ZnO and [11-

20]ZnO directions can be visualized as an anisotropic distortion of the ZnO basal plane 

geometry, a schematic of which is illustrated in figure 9.7. 

                   

Figure 9.7 Distortion of the ZnO basal plane under anisotropic strain for the growth 

of a-plane ZnO on r-plane sapphire.              indicates the undistorted lattice parameter 

and            indicates the distorted lattice parameter. 
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 The lattice misfit along [0001]ZnO is -1.5% and the calculated thermal misfit at 

growth temperature is -0.18%. Because of the small misfit along [0001], it is proposed 

that film growth occurs pseudomorphically along this direction upto a critical thickness. 

Since the lattice and thermal misfits are additive, the measured value of -0.4% residual 

strain shows that the strain is not fully relaxed along [0001]ZnO. The measured residual 

strain of 0.17% along [1-100]ZnO compared to an initial large misfit of -18.3% shows 

that there is a complete relaxation of the lattice misfit along [1-100] since the critical 

thickness under a large misfit(>7%) is typically less than a monolayer. Our previous in-

situ synchrotron x-ray diffraction studies[13] on ZnO/c-plane sapphire have shown that 

the large misfit~15.44% can be relaxed within 1-2 monolayers. In view of these results, 

the relaxation of the lattice misfit along [1-100]ZnO can be explained by the integral 

matching of (1-100)ZnO and (11-20)sapphire lattice planes and generation of 

corresponding geometrical misfit dislocations along the interface[12,13]. Since the 

thermal strain along this direction is negligibly small, the residual strain can be attributed 

to the presence of point and microstructural defects in the grown film.  

 Table 9.4 summarizes the slip systems which can be activated along the two in-

plane directions for a-plane oriented nonpolar film growth. Plastic relaxation along [1-

100]ZnO can be induced by dislocation nucleation due to activation of the {10-10}<1-

210> or {01-10}<1-210> slip systems because of their low energy and and high Schmid 

Factors. Also, the high values of the Schmid Factors  for the pyramidal planes slip 

systems for stress along [1-100] and [0001] directions indicate the possibility of plastic 

relaxation by activation of these slip systems. The anisotropic strain relaxation observed 

along [1-100] and [0001] stress directions coupled with the fact that the pyramidal plane  

 



251 

 

Table 9.4 Schmid Factors for the activated slip systems along the in-plane 

directions for (11-20) ZnO.  

                      

slip systems can be activated (considering high values of Schmid Factors) along these 

directions suggests that plastic relaxation by dislocation nucleation can be initiated along 

these directions. The observed strain relaxation suggests that the large misfit stress along 

[1-100]ZnO can promote a complete strain relaxation by generation of misfit dislocations 

which can be confined in the interface region. On the other hand, the small misfit stress 

along [0001]ZnO is not able to initiate a complete strain relaxation and could explain the 

residual strain along [0001]ZnO. This explanation is supported by the observation of a 

dislocation in the HRTEM micrograph in figure 9.4(a). The dislocation which represents 

a missing half plane and hence a compressive strain in the film, terminates close to the 

interface. HRTEM gives information about the projected burgers vector and the burgers 

circuit gives information about the projection of a dislocation. The dislocation has been 
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identified to lie in the (01-1-1) plane. From the slip systems associated with a-ZnO films; 

for the pyramidal slip system {01-1-1}<2-1-10> the components of the dislocations will 

have to be either along [11-20]ZnO  or [-1-100]ZnO directions, i.e either parallel or 

perpendicular to the growth plane. The burgers vector in figure 9.4 is neither parallel nor 

perpendicular to the growth plane, but is inclined to the interface. Therefore (01-1-1){11-

23}is the slip system likely to be responsible in the present case.  The activation of the 

secondary slip systems observed in hcp metals has been explained by the deviation in the 

ideal hcp c/a ratio value from 1.633 (c/aZnO = 1.602)  and the slightly different values of 

the d-spacing and the normal spacing for the prismatic and pyramidal planes[18].  

 In summary, we have investigated the anisotropic strain in nonpolar a-plane ZnO 

films grown on r-plane sapphire by detailed x-ray diffraction and HRTEM cross-section 

measurements. The x-ray diffraction measurements of the lattice parameters show that the 

growth of [11-20] oriented a-ZnO structure can be described as a triaxially-strained  

hexagonal lattice. In this case, the strains in the two different in-plane directions are 

controlled by the anisotropic lattice matching and thermal contraction of the sapphire 

substrate, and the out-of-plane lattice parameter is determined by an anisotropic Poisson‟s 

ratio. The strained state in the film causes the a-lattice parameter to have different values 

along the in-plane [1-100] and out-of-plane [11-20] directions, which leads to an 

anisotropic distortion of the ZnO basal plane geometry. Our HRTEM investigations of the 

interface show that plastic relaxation by dislocation nucleation at the free surface in the 

small misfit direction is incomplete, which is consistent with measured residual strain 

along [0001]ZnO. 
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Summary and Conclusion 

In this work critical issues associated with the heteroepitaxy in large lattice misfit 

systems namely polar GaN on sapphire and polar and nonpolar ZnO on sapphire substrate 

were addressed. Strain in semiconductors is of significance as it may change crystal 

symmetry and electronic band structure. Lack of native substrate makes strain relevant for 

GaN and ZnO heterostructures, since growth on foreign substrates leads to built-in strain 

due to differences in lattice parameters and thermal expansion coefficients between film 

and substrates. GaN and ZnO heterostructures used in optoelectronic devices are grown 

on c-plane sapphire with c-plane as growth plane. Due to hexagonal symmetry of c-plane, 

films on (0001)sapphire experience isotropic biaxial in-plane strain. For growth on non-c-

plane-oriented sapphire, films will have anisotropic biaxial strain as a consequence of 

anisotropy of growth surfaces. The results of my research on epitaxial growth of polar 

GaN NL and polar and nonpolar ZnO films on sapphire substrates are summarized in the 

following three sections. 

Epitaxial Nucleation Layer (NL) for GaN based LEDs. The nucleation 

layer(NL), when grown by MOCVD in the temperature range 500-600 C, consists of 

predominantly faulted c-GaN and a small fraction of unfaulted c-GaN. It grows 

epitaxially on the (0001) sapphire substrate with a 30  or a 90  rotation via domain 

matching epitaxy. The c-GaN epitaxy is maintained when c-GaN converts into h-GaN 

during subsequent high-temperature growth. The subgrains in the NL are misoriented 

with respect to each other by an average angle of 1.3 . Each subgrain is faulted 

predominantly in one of the four {111} planes of c-GaN. It has been observed that if this  
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initial misorientation increases beyond a critical point (somewhere 2-3
 
range) then the 

quality of subsequent h-GaN grown at higher temperatures decreases as the high density 

of dislocations from these boundaries continue into the active region of the device. This 

happens if h-GaN is grown at  1000
0
C on (0001) sapphire substrate directly in a single 

step. This explains why single-step h-GaN growth at high temperatures results in a rough 

surface (corresponding to larger subgrains) and high-density of propagating threading 

dislocations. Analysis of the Raman modes observed in the 15nm and 45nm NLs, and h-

GaN/NL/sap samples shows that the NL contains both the c-GaN and h-GaN phases; and 

the h-GaN film contains only the h-GaN phase. The presence of stronger Raman modes 

of c-GaN compared to the weaker modes of h-GaN in the 15nm NL suggests that during 

initial stages of growth the GaN NL has a predominantly cubic character with a very 

small percentage of h-GaN phase present. With increase in growth time of the NL 

(~45nm) it is seen that the h-GaN Raman modes become more intense compared to the c-

GaN modes, indicating that the 45nm NL has a higher fraction of faulted c-GaN (or h-

GaN) present. Qualitative interpretations of the E2
H
(LO) mode shift of h-GaN as observed 

in the Raman spectrum of  the 15nm, 45nm NLs and h-GaN/NL/sapphire samples 

indicates the presence of a tensile stress in the NL and a compressive stress in the h-GaN 

film. These Raman results are in a complete agreement with X-ray diffraction and 

HRTEM results on defects and epitaxial nature of thin films. The stress due to defects 

actually dominates over the compressive thermal stress that is predicted due to the 

thermal-coefficient of expansion (TEC) mismatch of the NL with the substrate. In 

contrast, the h-GaN films grown at higher-temperatures (~1050 C) that are free of such 

defects, show the onset of a compressive stress. 
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Two-step growth of Polar ZnO to achieve two-dimensional growth for device 

layers. From this work epitaxial growth of ZnO film was confirmed even at low 

temperatures. A decoupling was observed between the c and a lattice parameters which 

leads to abnormal Poisson‟s ratio varying from 0.08 to 0.54. It has been shown that within 

the limits of thermal strain, the in-plane strain is fully relaxed at the growth temperature 

by the paradigm of domain matching epitaxy. The relaxation of c-axis is controlled by the 

defects trapped during the growth process. Since dislocations are not nucleated 

presumably due to high nucleation and migration barriers and zero resolved shear stress 

in normal planes, no relaxation is allowed in a-axis. Thus, a-axis remains the same and c-

axis relaxes depending upon the concentration of point defects and stacking faults and 

their annealing during growth. Our study shows that even though it is possible to grow 

completely relaxed films at temperatures less than 500 C, small amounts of residual 

thermal strain less than a few-tenths of a percent remains. The low-temperature buffer has 

a very smooth surface, grows two-dimensionally and is found to influence the subsequent 

growth of the epi-ZnO film.  

Epitaxial Growth of Nonpolar ZnO Thin Films and Mechanism for 

Anisotropic in-plane Strain Relaxation. The epitaxial growth of a-ZnO films on r-

sapphire was established in the temperature range 200 C-700 C by PLD. The in-plane 

misfit ranges from -1.5% for [0001]ZnO//[1-10-1]sap to -18.3% for [-1100]ZnO//[-1-

120]sap direction. For the large misfit [-1100]ZnO direction the misfit strains are fully 

relaxed at the growth temperature, and only  thermal misfit and defect strains, which 

cannot be relaxed fully by slip dislocations remain. For the small misfit direction, lattice  
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misfit is not fully relaxed at the growth temperature, and as a result, additive unrelaxed 

lattice and thermal misfit and defect strains contribute to the measured strain.  

The underlying theme in this work has been relaxation of strain in large lattice 

misfit systems, epitaxial growth of films with smooth surface morphology and reduced 

threading dislocation density. The residual strain in thin films consists of three 

components: (a) lattice misfit strain, (b) thermal misfit strain, and (c) defect strain. The 

results of the experimental work done in the research elucidate the fact that in the case of 

large lattice misfits, the misfit strains are fully relaxed at the growth temperature, and 

only  thermal misfit and defect strains contribute to the residual strain in the film. In most 

cases these strain are small and difficult to relax. For the small misfit direction, lattice 

misfit is not fully relaxed at the growth temperature, and as a result, additive unrelaxed 

lattice and thermal misfit and defect strains contribute to the measured strain. The 

relaxation process requires creation of dislocations, which involves nucleation and 

propagation of dislocations. Both dislocation nucleation and propagation are easier for 

large lattice misfits, since the critical thickness under large misfits is less than a 

monolayer. As a result of which the dislocations can nucleate at the surface steps and 

propagation is small because of the proximity to the interface. Thus under large misfits 

the dislocations can nucleate during initial stages and confine most of the defects near the 

interface leading to fewer defects in the active region of the device. On the other hand, in 

a low-misfit system, the critical thickness is large and dislocations nucleate at the free-

surface steps and then glide to the interface. The process creates a half-loop configuration 

with two threading segments and a straight segment along the interface. Since there is a 

nucleation barrier for the dislocation, misfit is not fully relaxed. In addition, threading 
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segments do not expand to the edges due to the presence of other dislocations and 

obstacles, and as a result a high-density of these dislocations is retained within the film. 

The relaxation process in low misfit systems is gradual due to this nucleation barrier, 

leading to a large number of threading dislocations.  If the thermal strain and defect 

strains in films are small, then the driving force for relaxation is small which makes it 

difficult to relax these small strains.   


