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MgxZn1-xO is a compound semiconductor material formed by alloying ZnO with 

MgO. The larger direct bandgap of MgxZn1-xO (~4eV for Mg0.33Zn0.67O) renders it useful 

as a barrier layer in ZnO/MgxZn1-xO based heterostructures and quantum wells. 

Conventionally grown c-oriented ZnO based quantum wells suffer from piezoelectric and 

spontaneous polarization fields, leading to lower quantum efficiency. Non-polar a-plane 

and m-plane ZnO based heterostructures avoid such problems.  The non-polar MgxZn1-xO 

films also possess in-plane anisotropic optical, acoustic and electrical properties, useful 

for novel polarization sensitive devices. However, as-grown non-polar MgxZn1-xO films 

show rougher surface compared to its c-plane counterpart, introducing serious difficulty 

in growth of high quality heterostructures.  

This dissertation addresses growth optimization and comprehensive 

characterization of a-plane MgxZn1-xO (0≤ x ≤0.33) films on r-sapphire substrates using 

Metalorganic Chemical Vapor Deposition (MOCVD). Angle Resolved Auger electron 

spectroscopy (ARAES) indicates that Mg replaces Zn in ZnO lattice. Mg composition 

and films’ crystal properties are characterized using transmission spectroscopy and x-ray 

diffraction (HRXRD), respectively. The in-plane strain along c-axis is compressive, 
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while perpendicular to c-axis is tensile. Strain anisotropy reduces with increase in film 

thickness due to relaxation, with complete relaxation at film thickness of ~2µm. An 

increase in Mg composition increases a-axis lattice parameter and reduces c-axis lattice 

parameter, resulting in higher strain in the films. Scanning tunneling microscopy (STM) 

shows long and elongated terraces on films surface due to anisotropic surface diffusion 

and strain-relaxation. The direction of terraces is dependent on the miscut direction of r-

sapphire substrates. The effects of film thickness, Mg composition, and deposition 

temperature on surface morphology have been analyzed. A red shift in the optical 

transmission edge is observed for electric field polarized perpendicular to in-plane c-axis 

as compared to that along in-plane c-axis. An increase in Mg composition reduces the 

separation in transmission edge. In-plane anisotropy in Hall mobility is analyzed, with 

mobility measured perpendicular to c-axis being higher than that along c-axis. The ZnO 

thin film transistors (TFTs) fabricated with devices aligned along and perpendicular to c-

axis. The TFTs show high on-off ratio up to ~109.  The field-effect mobility and 

transconductance of ~35.5cm2/Vs and 1.09mS/mm are obtained.  
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CHAPTER 1: INTRODUCTION 

1.1 MOTIVATION 

Recently, wide band gap semiconductor materials, such as GaN are of significant 

interest for use in blue light emitting diodes, and short wave length laser diodes. Similar 

to GaN, ZnO has direct band gap of 3.34eV at room temperature. The high free excition 

binding energy of ~60meV as compared to 21-25meV for GaN, renders ZnO useful for 

applications in ultraviolet lasers and modulators [1, 2]. ZnO due to its large energy band 

gap is also suitable for fabrication of high temp and high power devices, where the 

typical operating temperature is above 200°C [3]. Optically pumped lasing action has 

also been observed in ZnO [4, 5] and it has been used as buffer layer for growth of GaN 

thin films because of its small lattice mismatch with GaN [6]. ZnO also has several other 

advantages including high radiation hardness [7] as compared to other wide band-gap 

semiconductor materials, availability of wet chemical etching, and compatibility with Si 

technology.  

One of the key issues in modern solid-state electronics is the energy band 

engineering through design and fabrication of heterostructures, which leads to quantum 

confinement. The density of states is modified by the quantum confinement effects, 

which are partly responsible for some unusual properties of heterostructures. One of the 

ways to alter the bandgap of a semiconductor is to alloy it with a material of higher 

bandgap, while ensuring that the lattice constant of the semiconductor is matched with 

the substrate. This concept has been researched for most III-V semiconductors such as 

GaAs/AlGaAs, GaN/AlGaN etc., and the fabrication techniques have been well 

established. For fabricating a heterostructure using a ZnO active layer, bandgap 
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engineering is achieved by alloying ZnO with oxides of group II elements in the periodic 

table, i.e. Cd, Be, Mg, Ca, Sr [8]. ZnO can be alloyed with MgO to form high quality 

single crystal films having Mg content upto 33 at. % while retaining the wurtzite crystal 

structure [9, 10]. Alloying ZnO with MgO to form MgxZn1-xO was found to increase the 

direct bandgap of ZnO from 3.3eV to about 4.0eV (for Mg0.33Zn0.67O), while still 

retaining the wurtzite crystal structure of ZnO [11]. ZnO/MgxZn1-xO based 

heterostructures have received a great deal of research attention in electronic and 

optoelectronic devices [12 – 17]. Ohtomo et. al. studied the structural properties of ZnO/ 

MgxZn1-xO superlattices deposited on c-sapphire (0001) substrates with varying well 

widths [18]. Chia et. al. showed quantum confinement in ZnO/ MgxZn1-xO multiple 

quantum wells on ScAlMgO4 (0001) substrates, and studied the well width dependence 

on the radiative and non-radiative recombination times [19]. Recently, Koike et. al. 

studied the characteristics of ZnO/ MgxZn1-xO heterostructure field-effect transistors 

grown on a-sapphire (0001) substrates [13].  

In contrast to cubic close packed structure of most other semiconductors with four 

symmetry axes which cancel each other, ZnO’s wurtzite crystal structure causes, ZnO 

and its alloys (e.g. MgxZn1-xO) to be polarized along the primary [0001] c-axis. Although, 

most of the ZnO based heterostructure and quantum well devices have been reported on 

c-axis oriented ZnO, like GaN the active layers of the devices grown with this orientation 

suffer from undesirable spontaneous and piezoelectric polarizations [20, 21]. The 

presence of these spontaneous and piezoelectric polarizations produce electrostatic fields 

which gives rise to Quantum-Stark Effect and thus cause spatial separation of the 

electrons and holes thus reducing their overlap and lowering of the quantum efficiency in 
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optoelectronic devices. Since, the a-plane and m-plane ZnO has equal number of cations 

and anions, the films oriented along these two directions are non-polar and thus it avoids 

the problem of spontaneous and piezoelectric polarization fields. Non-polar a-plane ZnO 

and MgxZn1-xO films have been successfully grown using MOCVD [10, 22, 23]. Apart 

from the advantages of enhanced quantum efficiency and stable Schottky contacts, non-

polar ZnO and MgxZn1-xO films have in-plane structural, optical, acoustic [22] and 

electrical anisotropy. The presence of these anisotropic properties renders the a-plane 

ZnO, MgxZn1-xO films and heterostructures useful for potential applications in various 

areas such as UV modulators.  

Despite of all these advantages non-polar a-plane ZnO and MgxZn1-xO films have 

not been studied in detail. Primarily due to the difficulties associated with growth of a-

plane films and control of anisotropic strain, surface roughness and interface defects.  

 

1.2 OBJECTIVES OF WORK 

Current research in ZnO/ MgxZn1-xO film based heterostructures and quantum 

wells is focussed on use of c-axis as the primary growth direction using c-sapphire and 

(0001) ScAlMgO4 as primary substrates using Pulse-Laser Deposition (PLD), Molecular 

Beam Epitaxy (MBE) [16 - 19]. Even though significant advances have been made in this 

area using c-axis growth of heterostructures and quantum wells, the inherent limitation of 

quantum efficiency due to piezoelectric and spontaneous polarization fields would be a 

major issue in development of next generation optoelectronic devices. The use of non-

polar a-axis and m-axis of the ZnO/ MgxZn1-xO films would thus play a vital role in this 

area. Development of non-polar a-plane (1120 ) ZnO and MgxZn1-xO films on r-sapphire 
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substrates have earlier been demonstrated using Metalorganic Chemical Vapor 

Deposition (MOCVD) technique. The non-polar growth however possesses anisotropy in 

in-plane physical properties. Although some of the in-plane anisotropic physical 

properties maybe advantageous for development of novel electronic, optical and acoustic 

devices [2, 22], in-plane anisotropy could also lead to poor surface, interface and 

structural properties. Some of the anisotropic properties are intrinsic to the hexagonal 

ZnO material system [23], while some such as surface structure and morphology, and 

interface property result from surface diffusion and growth energetics. The presence of 

anisotropic growth rate in ZnO [24] and strain relaxation leads to rougher a-plane ZnO 

surface as compared to c-plane, which adversely affects device design and fabrication. 

Currently, only limited information is available of study and control of the anisotropic 

properties in non-polar a-plane MgxZn1-xO films.  

The objectives of this research are (i) Growth optimization of epitaxial non-polar 

a-plane MgxZn1-xO films on ( 2101 ) r-Al2O3 (r-sapphire) substrates using metalorganic 

chemical vapor deposition technique (MOCVD), (ii) Comprehensive characterizations of 

in-plane anisotropic strain, surface and interface, optical and electrical properties and (iii) 

Demonstration of a prototype a-plane ZnO thin film transistor (TFT). 

 

1.3 DISSERTATION ORGANIZATION 

 After describing the motivation and the importance of the related work in Chapter 

1, Chapter 2 covers a background of the crystal structure, thin film growth, strain, surface 

and interface, and optical properties. In Chapter 3, a brief description of the MOCVD 

equipment used for the growth of non-polar a-plane ZnO and MgxZn1-xO films on r-
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sapphire substrates is discussed followed by growth optimization and properties of a-

plane MgxZn1-xO films. Chapter 3 also includes brief introduction and feasibility of ZnO/ 

MgxZn1-xO heterostructures. Chapter 4 presents the analysis of strain properties including 

in-plane anisotropy in strain. Chapter 4 also discusses reciprocal maps (RSMs) used to 

determine crystal quality of a-plane thin films. Chapter 5 analyzes the anisotropic surface 

and interface properties. Chapter 6 focuses on optical and electrical anisotropy in the 

films followed by device feasibility to study anisotropic device behavior of ZnO thin film 

field effect transistors (TFTs). Finally, Chapter 7 summarizes the work accomplished 

with recommendation for future research in the field. 

 

 

 

 

 

 

 

 

 

 

 



 6

CHAPTER 2: TECHNICAL BACKGROUND 

2.1 CRYSTAL PROPERTIES  

ZnO is an oxide of the group II metal Zinc, which belongs to P63mc space group. 

ZnO is on the borderline between a semiconductor and an ionic material. In most of the 

growth conditions ZnO stabilize as n-type semiconductor with wurtzite structure 

(hexagonal symmetry). Figure 2.1 (a) Shows the wurtzite crystal structure of ZnO, and  

(b) shows crystal structure projection of ZnO along the [0001] as normal direction (Zn 

and O atoms are marked with arrows). The wurtzite crystal structure has hexagonal unit 

cell with two lattice constants, ‘a’ and ‘c’. An ideal wurtzite crystal consists of two 

interpenetrating hexagonal close packed (HCP) structures, with one type of atoms in each 

separated by 3c/8, which in case of ZnO is u = 0.3825 (fractional coordinates).  Even 

though it is tetrahedrally bonded, similar to other semiconductors, the bonds have a 

partial ionic character. The lattice parameters of ZnO are a = 0.324982nm and c = 

0.520661nm at 300K, with a c/a ratio of 1.602 which is close to 1.633 of ideal hexagonal 

close-packed structures. In the direction parallel to the c-axis Zn–O distance is 0.1992nm 

and in all the other three directions of the tetrahedral arrangement of nearest neighbors it 

is 0.1973nm. In a unit cell zinc occupies the  (0,0,0.3825) and (0.6667,0.3333,0.8825) 

positions and oxygen occupies the (0,0,0) and (0.6667,0.3333,0.5) positions [25]. The 

close-packed ( 1000 ) planes are made up of two sub-planes (A & a), each consisting of 

either the cationic (Zn) or the anionic (O) species. The crystal can be considered to have 

the stacking sequence. …AaBbAaBb…. as compared to. …AaBbCcAaBbCc…. in 

diamond cubic (silicon) and sphalerite (GaAs etc.,). In the hexagonal crystal system, a 

four-axis coordinate system is used to identify the various planes and directions. 
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Figure 2.1: Shows (a) the wurtzite crystal structure of ZnO, (b) crystal structure 

projection of ZnO along the [0001] as normal direction. 
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The four indices are called the Miller-Bravais indices, and a plane is defined by 4 

indices, i.e., (h k i l). As the three basis vectors are in-plane with an angle of 120° to each 

other, it follows -i = h+k. The planes of the same family are identified by permutations of 

the first three indices. There are 2 c-planes (0001), 6 m-planes (1100) and 6 a-planes 

(1120)  as can be seen in Fig. 2.2 [26]. The c-plane is normal to any of the m or a-planes, 

there is always a pair of m and a-plane orthogonal to each other. The c-plane is a polar 

plane of the wurtzite crystal structure and is O or Zn terminated. The m and a-planes are 

non-polar because in these planes there is an equal number of cations and anions. This 

structure does not possess a center of symmetry. The lack of inversion symmetry leads to 

ZnO being a piezoelectric material and the polarity of the c-axis results in the Zn-

terminated and O-terminated planes to display vastly different properties.  

MgxZn1-xO can be used as barrier layer for the ZnO-based heterostructures. 

Earlier, Ohtomo et. al. showed ZnO can be alloyed with MgO to form MgxZn1-xO, while 

still retaining the wurtzite crystal structure of ZnO till Mg % = 0.33 and have also shown 

that the epitaxial films having Mg up to x = 0.15 are thermodynamically stable up to 

about 700oC [27]. MgO belongs to the space group Fm3m with lattice parameter a = 

4.215Å and stabilizes with a cubic rocksalt structure. MgO is octahedrally bonded having 

a 6–fold coordination with Mg–O distance of 2.1075Å. The lattice consists of 

interpenetrating face centered cubic lattices, separated along the c-axis by u = 0.5 

(fractional coordinates). While oxygen (by convention) occupies the (0,0,0) and 

(0.5,0.5,0) positions, magnesium occupies the  (0,0,0.5) and (0.5,0.5,0.5) positions [25]. 

When the wurtzite lattice is relaxed, c/a = 1.204 and u = 0.5. This implies that the Mg and 

O atoms lie in the same plane.  
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Figure 2.2: A set of orthogonal co-ordinate axis selected using a pair of 

perpendicular m-axis and a-axis. 
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The tetrahedrally coordinated and octahedrally coordinated Zn2+ ion radii are very 

close to the tetrahedrally coordinated and octahedrally coordinated Mg2+ ionic radii 

respectively. Thus Mg atom has been found to substitute the Zn atom in tetrahedral 

coordination leading to distortion of the wurtzite ZnO lattice in the MgxZn1-xO films [11]. 

Mg incorporation reduces the c-axis lattice parameter of ZnO according to c = 0.5204 – 

0.017x nm, while increasing the a-axis lattice parameter by a = 0.324 + 0.0036x nm [9, 

14]. 

 

2.2 MOCVD GROWTH 

Several groups using different growth techniques including PLD, sputtering, MBE, 

CVD and MOCVD have reported ZnO film growth [10, 16-19, 22, 23]. The most 

commonly reported substrates for ZnO film growth have been c-sapphire, ScAlMgO4 

etc. The growth on these substrates lead to polar (0001) oriented ZnO films. Since, 

(0001) plane has the highest energy amongst all the low-index planes, the growth rate 

along the c-direction is the highest [24, 28]. So, the ZnO crystals are elongated in the 

[0001] direction and the prismatic sides of the crystals are usually the { 0101 } or { 0211 } 

planes. Thus, even under non-epitaxial conditions it is very easy to obtain c-axis oriented 

films on almost any substrate. 

Metalorganic chemical vapor deposition (MOCVD) is different from the 

conventional CVD in the choice of precursors of the reacting species. At least, one 

precursors used for the MOCVD growth is a metal-organic. These metalorganics have 

only one dangling bond and can be converted to chemical vapors easily. This allows easy 

handling of the reactant species. Use of metalorganic precursors allows the use of very 
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low growth temperatures, depending on the vapor pressure of the precursor. Better 

control in composition during growth is also achieved [29-31]. 

MOCVD has better control over thermodynamic control of reactions, uniformity 

in deposition as well as in-situ doping concentrations. MOCVD also leads to better 

stoichiometry as compared to most other chemical deposition technologies (CVD, 

PECVD etc.), primarily due to lower decomposition temperature of the metalorganics 

Another advantage of using metalorganics instead of metal vapors is that they do not 

condense on the chamber walls at room temperatures. Hence, the “line-of-sight” 

geometry that is required for metal vapors is not necessary when using metalorganics. 

Moreover, while direct condensation is the growth method when using metal vapors, in 

MOCVD the reactants adsorb on the substrate surface and chemically react with one 

another. Thus additional control of the growth process is possible through the chemical 

interactions amongst the sources as well as due to interaction between the sources and the 

substrate. Chemical vapor deposition (CVD) is a process based on pyrolytic reactions. 

The precursors used in the CVD system compounds with a reasonable vapor pressure. A 

carrier gas, usually O2/N2, carries the vapors of the reacting species. The reaction then 

proceeds on the substrate surface. The susceptor mechanically supports the substrate and 

also serves as the source of thermal energy for the reaction. It is heated to the required 

temperature, using induction-heating coil. 

Most elements when attached to organic functional groups such as (CH3, C2H5, 

etc.,) have high vapor pressure. These metalorganic molecules ((CH3)3Ga, (C2H5)2Zn, 

etc.,) have only one dangling bond and can be converted to chemical vapors by reaction. 

Hence MOCVD is a process whereby one or more of the reactants that is a metalorganic, 
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get adsorbed on the substrate surface, then react chemically to deposit the desired 

compound on the substrate. 

The main steps in the growth of film by MOCVD are: 

a. Convective transport of source gases/metalorganics from the injected or entry point in 

the reactor to the substrate. 

b.   Diffusion transport of the gases through the relatively stationary “boundary layer” 

formed at the substrate surface due to viscous friction to gaseous flow close to the 

substrate surface. 

c. Adsorption of the gaseous species onto the substrate surface. 

d. Diffusion and chemical reaction of the various species on the surface resulting in 

deposition. 

e. Desorption of product organic species such as CH4, H2, etc., 

 Based on the above sequence of events two rate limiting steps are possible. At 

low temperatures, the rate of the surface reactions is reduced and the deposition is 

surface-reaction-rate-limited (c, d, & e). At higher temperatures, transport of the gaseous 

species through the boundary layer is rate limiting, and hence deposition is mass-

transport-limited (a, & b). Use of metalorganics is advantageous over the use of metal 

vapors, because they do not condense on the chamber walls at room temperatures. Hence, 

the “line-of-sight” geometry required for metal vapors (i.e. the substrate should be in the 

direct line of sight of the vapor source), is not necessary for metalorganics. Thus 

MOCVD also provides additional control of the growth process, through the chemical 

interactions amongst the sources as well as due to interaction between the sources and the 

substrate. 
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Commonly used precursors for zinc and oxygen are Dimethyl Zinc [(CH3)2Zn] 

and Diethyl Zinc [(C2H5)2Zn], and CO2, O2, N2O, and H2O, respectively.  The covalent 

compounds of Zinc are amongst the most volatile organometallic compunds. Zn with 

carbon forms a covalent compound with sp-hybridization. Though Dimethyl Zinc can be 

used to achieve high growth rate due to higher vapor pressure, Diethyl Zinc is more 

advantageous due to the following reasons: 

i) Dimethyl Zinc reacts more vigorously with O2 and H2O as compared to 

Diethyl Zinc, thus it is more difficult to limit the gas phase reactions. 

ii) Using Diethyl Zinc lowers the possibility of carbon contamination. At the 

substrate temperature of ~400C, unlike Dimethyl Zinc, Diethyl Zinc adsorbed 

on the surface of the substrate, results in Zn metal and eliminates the reduced 

ethyl group as ethylene.  

The melting point of DEZn is −28°C and the boiling points are 117°C and 30°C at 

pressures of 760mm Hg and 27mm Hg respectively. The strongly electrophilic (accepts 

an electron) character of zinc largely determines the chemical behavior of these 

compounds. They are electron deficient compounds in that the number of low-lying 

orbitals available for bonding (four) is greater than the number of bonding electron pairs 

(two). This presence of vacant orbitals for bonding explains the tendency of DEZn to 

form complexes with compounds containing hetero-atoms with free electron pairs (O, N, 

P, S etc.,). At the same time this serves to explain the great chemical reactivity of DEZn.  

DEZn is highly susceptible to attack by oxygen and water. 

 Bis-(methylcyclopentadienyl)magnesium (MCp2Mg) has a melting point of 29oC 

and its boiling point is 56oC at 0.3mm Hg. The alternate commercially available Mg 
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precursor is Bis-(cyclopentadienyl)magnesium (Cp2Mg) which, when pure, is a white 

solid that melts at ~281oC. Use of this compound often requires additional purification 

when received from vendors if reproducible doping results are to be obtained [32], which 

can be time consuming and expensive. MCp2Mg, while structurally similar to Cp2Mg, the 

MCp2Mg has a lower melting point (29oC), permitting the source to be used as a liquid 

and without any complicated purification process [32]. Therefore, MCp2Mg is the most 

common magnesium precursor of choice for MOCVD growth of II-VI compounds. Both 

the precursors react pyrophorically when exposed to air.  

Gorla et. al. and Muthukumar et. al. have earlier published information on Rutgers 

MOCVD system, with details on precursor selection etc. [33, 34]. Earlier, Muthukumar 

et. al. demonstrated a-plane MgxZn1-xO films on r-sapphire substrate using MOCVD. It 

was shown that a ~5nm ZnO film buffer is required retain the wurtzite crystal structure in 

a-plane MgxZn1-xO films [11]. It was also observed that the composition (x) of the 

MgxZn1-xO films is a function of the ratio of the Mg/Zn flow into the reactor keeping the 

O2 flow constant, substrate temperature, and the chamber pressure [33]. Figure 2.3 shows 

the dependence of Mg composition (x) on Mg/Zn metalorganic gas-flow ratio. For films 

grown below 375oC the Mg incorporation was very low and did not increase with Mg 

flow and for films grown above 375oC Mg incorporation increased linearly with 

increasing Mg flow till x = 0.3 and then decreased. As the vapor pressure of MCp2Mg is 

much lower than the vapor pressure of DEZn it is difficult to get high Mg incorporation 

in the films without compromising the growth rate.  
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Figure 2.3: Magnesium concentration (x) as a function of the ratio of Mg flow into 

the reactor [33]. 
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2.3 STRESS AND STRAIN 

Strain is defined as deformation in solids and is described in terms of continuos 

deformation field u(r), which defines the vector displacement, where r corresponds to the 

position vector r = r(x, y, z). Then symmetric strain tensor εij is related to the 

displacement field according to equation 2.1: 

 

  (2.1) 

Where, i, j = 1, 2 and 3 are the spatial directions. For sufficiently small stress σ, 

strain is proportional to the magnitude of applied stress according to the Hooke’s law, 

given by equation 2.2: 

 (2.2) 

Where, Cijkl are the stiffness coefficients, and i, j, k, l = 1, 2 and 3. Due to symmetry 

of the stress and strain tensors, the elastic stiffness coefficients follow the following 

properties: Cijkl = Cjikl = Cijlk. The equalities of the first two and the last two suffixes 

reduce the independent stiffness coefficients to 36. It can also be shown that Cijkl = Cklij. 

This relation further reduces the number of constants to 21. The crystal symmetry of a 

wurtzite crystal further reduces the number of coefficients required to 5 [14]. 

 Stress-Strain tensor for wurtzite crystal:  

 

 (2.3) 

 

 

11 12 13

12 11 13

13 13 33

44

44

66

0 0 0
0 0 0
0 0 0

0 0 0 0 0
0 0 0 0 0
0 0 0 0 0

xx xx

yy yy

zz zz

yz yz

xz xz

xy xy

C C C
C C C
C C C

C
C

C

σ ε
σ ε
σ ε
σ ε
σ ε
σ ε

    
    
    
    

=    
    
    
        
    

1 ( )
2

j i
ij

i j

du du
dx dx

ε = +

ij ijkl ijCσ ε=



 17

Assuming the shear component to be zero (σxy = σxz = σyz = 0), the tensor can be 

reduced to: 

 

 

 (2.4) 

 

Since, ZnO is a wurtzite crystal that belongs to the crystal group 6mm, the stress-

strain tensor for ZnO films would be as shown in equation 2.4.  

Table 2.1: Elastic coefficients for bulk ZnO [14] 

Elastic constants 

for wurtzite ZnO

GPa 

C11 217 

C12 117 

C33 225 

C13 121 

C44 50 

 

2.3.1 STRAIN ALONG DIFFERENT GROWTH DIRECTIONS: 

(a) c - axis growth 

Growth along the c-axis is along the z-axis, which is parallel to the c-axis [0001] 

(based on the defined in the figure 2.2). The stress component along the growth axis i.e. 

z-axis, σzz = 0, as the growth direction has freedom of expansion or contraction. The in-

plane strain in case of ZnO grown on c-sapphire or GaN substrate in such a case would 
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be isotropic due to the hexagonal symmetry of the substrate, thus εxx = εyy. Thus the 

matrix can be modified according to:  

  

 (2.5) 

 

Where, ε|| = εxx = εyy, and ε⊥ = εzz. 

Thus for c-axis oriented growth of ZnO on c-sapphire or GaN substrate/ template, the in-

plane stress would be uni-axial due to in-plane symmetry of the underlying substrate.  

 (2.6) 

 

And,  

 (2.7) 

The relation in this equation leads to the Poisson’s ratio (ν):  

 (2.8) 

And, the ratio of the in-plane stress to strain is known as the Young’s Modulus (Y) and is 

give by:           (2.9) 

 

(b) a - axis growth 

For a-plane ZnO growth in-plane strain would be anisotropic along c-axis [0001] 

and along m-axis [1100 ], because the unique c-axis of ZnO is in-plane of the substrate 

and the growth direction is perpendicular to both the c-axis as well as the m-axis leading 

to biaxial in-plane stress. The in-plane anisotropic strain also results from anisotropic 

substrate lattice parameters in the growth plane (r-sapphire ( 0112 ) in this case). The out 

11 12 13

12 11 13

13 33

( )
( )

2

xx

yy

zz

C C C
C C C

C C

σ ε ε
σ ε ε
σ ε ε

⊥

⊥

⊥

+ +   
   = + +   
   +   

11 12 13( )xx yy C C Cσ σ ε ε ⊥= = + +

13 330 2zz C Cσ ε ε ⊥= = +

13

33

2C
C

εν
ε

⊥ −
= =

2
13

11 12
33

2( ) CY C C
C

σ
ε

= = + −



 19

of the plane stress i.e. along the growth direction [1120 ] ZnO is zero (σxx = 0), since this 

is the direction of free growth, which is able to accommodate any contraction or 

expansion. However, in-plane stress components are not leading to a bi-axial in-plane 

stress (σzz ≠ σyy). 

The resulting matrix in such case would be: 

  

 (2.10) 

 

Which then results in the relationship between the elastic coefficients and strain as: 

 (2.11) 

(c) m - axis growth  

The growth along m-axis ZnO would require similar calculations with the 

subscript ‘xx’ replaced by subscript ‘yy’ in the matrix representation leading to the 

relation:  

 (2.12) 

Since in this case, (σyy = 0) and (σzz ≠ σxx). 
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films, because strain affects both the physical properties as well as device performance. A 
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the films (to be discussed in detail in later sections). Furthermore, physical properties 

such as surface morphology, interface misfit dislocations and optical properties are also 

directly affected by strain and relaxation anisotropy in the films. Table 2.2 shows the in-

plane repeat distance along and perpendicular to c-axis of ZnO. The calculated value of 

the lattice mismatch along in-plane c-axis ([0001] direction) is only 1.53%, while the 

lattice mismatch along the in-plane m-axis ([11 0 0 ] direction) of ZnO is ~18.3%.  

Table 2.2: Repeat distances ⊥ and || to the c-axis of ZnO on r-Al2O3 [33]. 

Material Structure Lattice 

Parameters 

(Å) 

Thermal Expansion 

Coefficient @ 

500°C (10-6 K-1) 

Repeat 

distance ⊥ 

c-axis of 

ZnO (Å) 

Repeat distance 

|| c-axis of ZnO 

(Å) 

ZnO Wurtzite 

(hexagonal) 

a = 3.2498 

   c = 5.20661 

a = 8.2 

c = 4.9 

aZnO 

= 3.2498 

cZnO/2 = 2.601 

r-Al2O3 Rhombohedral 

(hexagonal 

packing of 

oxygen) 

a = 4.7587 

c = 12.9929 

a = 7.1 

c = 8.0 

asapphire/√3 

=2.747 

223
6
1

sapphiresapphire ca +

= 2.5645

 

 

Earlier, Pérez et. al. reported the in-plane and out of the plane stress and strain 

calculation for a-plane CdxZn1-xO films grown on r-sapphire substrates [35]. In order to 

obtain a change in the lattice parameters for CdxZn1-xO grown on R-sapphire substrate, 

reciprocal space maps were carried out around ZnO ( 2020 ) and ZnO (1122 ) reciprocal 

lattice points. The reciprocal space maps along with the coupled scan along the ZnO 
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(1120 ) indicated a change in the periodicity along the c-axis (corresponding the c-lattice 

parameter) and along ZnO (1120 ) (corresponding to a-lattice parameter). It was observed 

that the strain distribution in the ZnO film on R-sapphire is anisotropic with larger tensile 

strain along the [1100 ] compared to a much smaller compressive strain along [0001]. It 

was also observed that the strain is completely relaxed along the [0001] axis for a ZnO 

film thickness of ~800nm. Furthermore, the strain in the films was directly co-related to 

the Cd concentration. 

 

2.4 SURFACE AND INTERFACE PROPERTIES 

2.4.1 SURFACE PROPERTIES 

The polar and non-polar surfaces of ZnO show vast differences in structural, 

optical as well as electronic properties. The presence of anisotropic kinetics in ZnO [24] 

and strain relaxation leads to rougher a-plane ZnO surface as compared to c-plane, which 

adversely affects device design and fabrication. Dulub et. al. studied the surface 

properties and stability of different planes of bulk ZnO crystal and found that the non-

polar surfaces of ZnO are rougher as compared to the polar surfaces, with anisotropic 

features oriented parallel to the crystallographic c-axis [28, 36]. The observed ‘needles-

shaped domains consisted of terraces with long-straight step edges parallel to the c-axis. 

Such step edges can be considered as (10 10 )-oriented facets with a very low surface 

energy. Recently, it was also observed that for oxide surfaces, the surface energy of a step 

edge from a parent facet is sufficient for step formation [37, 38]. However, the step edges 

that run perpendicular to the small terraces represent small c-plane facets and are 

expected to have a higher surface energy. Diebold et. al. earlier reported that the root 
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mean square (rms) surface roughness of the non-polar (1120 ) ZnO surface is higher than 

the polar (0001) ZnO surface with deep groves and steep (0001) oriented sides [36, 37]. It 

was observed that these surfaces have higher surface energy and are less stable as 

compared to the polar (0001) and ( 0001) surfaces. The non-polar (1120 ) surfaces were 

observed to have equal number of cations and anions as expected.  

Surface structure and morphology depend on formation energy of the various 

planes, growth kinetics and strain-relaxation of the films. In addition to kinetic 

considerations (anisotropic surface/bulk diffusion; the influence of a dislocation network 

at the interface, strain-related effects), step edges are known to play a major role in 

surface chemistry and growth processes [38].  At the atomic scale, a thin film surface 

consists of terraces with monoatomic step edges.  In case of ZnO, the step edges of these 

terraces that run parallel to the c-axis contain an equal number of Zn and O ions, and are 

non-polar.  The step edges that are perpendicular to the c-axis are polar and terminated 

with either exclusively O or exclusively Zn atoms. Figure 2.4 shows the step edges for 

polar and non-polar surface of ZnO. These step edges have a high surface energy and that 

the attachment of Zn and O entities occurs at quite different rates at each of them.  

 The surface and interface situation will be different when Mg is 

incorporated into the films.  The kinetic parameters mentioned above, as well as the 

interface strain/stress and dislocation network could be quite different. For example, Mg 

has lower surface diffusion rate as compared to Zn affecting the overall growth kinetics, 

furthermore it is possible that Mg can segregate at the surface thus affecting the overall 

morphology.  Also, since MgO alloying with ZnO changes the lattice parameters as seen 

in the previous section, Mg incorporation and composition would directly affect the 
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interface dislocation network. This would not only be important for the resulting film 

morphology and interface properties, but also be particularly important for the fabrication 

of heterostructures, as the band offset would be a sensitive function of the local 

stoichiometry at the interface.  Apart from these factors fluctuations in surface 

morphology lead to electrostatic fields that have a direct impact on the quantum 

confinement in both HFETs as well as quantum wells. Large surface morphology 

fluctuations and anisotropic surface roughness also presents difficulties towards 

metallization and device fabrication.  

Apart from growth kinetics and energy considerations some of the other issues 

that significantly affect the surface morphology in thin films include the substrate 

roughness and miscut. There is ample evidence in the literature that miscut of the starting 

substrate has significant influence on the surface morphology of deposited thin films. 

Incase of Si/Ge systems the presence of substrate miscuts have been observed to lead to 

anisotropic surface roughness, aligned in a particular crystallographic direction. The 

roughness is aligned along the azimuth of the miscut direction [39 - 41]. The alignment 

along a particular direction could result from the energy considerations, assuming the 

miscut direction to have lower barrier to formation as compared to the surface without 

any miscut. In a specific case of 20 layers of Si/Ge deposited on 4.3° miscut Si substrate, 

it was observed that the roughness bumps are flattened along the direction where the local 

slope brings the surface in close alignment with the (001) surface [39].  
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Figure 2.4: shows the step edges for polar and non-polar surface of ZnO 
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In certain cases the miscut substrates actually leads to smoother films compared to 

use of on-axis substrates [40]. Anisotropy in the surface roughness morphology is still 

observed. In another case, for a Ge film deposited on Si (001) substrate. Again the miscut 

direction showed lower roughness compared to the orthogonal in-plane direction. 

Reduced roughness compared to on-axis substrates is associated with lower step 

bunching [41] generally observed in the Si/Ge systems. Roughness could also be reduced 

due to difference in the crystal growth rates along the different directions. So on a miscut 

substrate that the growth difference is proportionally averaged between the normal and 

the in-plane orientation as compared to the on-axis substrates where the difference in the 

growth rates is maximum [40]. After considering a 4-fold symmetry cubic system like 

Si/Ge that lacks inherent structural anisotropy, it is relevant to consider GaN on sapphire 

and SiC systems for more comprehensive understanding. Since, the structure of GaN is 

similar to ZnO, analysis of effect of substrate miscut on surface morphology in these 

systems is important.  For c-axis (0001) oriented GaN films deposited on different miscut 

a-plane sapphire substrates, it was observed that lowest rms roughness of ~0.13nm was 

obtained for substrates with miscut ~0.25° [42]. Increase or decrease in the miscut in the 

miscut angle of the a-plane sapphire resulted in rougher surface. However, roughness 

anisotropy was not significant in these films. Indicating that the substrate miscut decides 

the orientation and the vertical correlation length causing roughness anisotropy but the 

lateral correlation lengths may depends on other key factors. Substrate miscut was also 

found to significantly affect the x-ray and optical properties of the films. However the 

films with lowest rms roughness did not show best optical properties as observed by 

photoluminescence (PL). Even in case of (0001) GaN films deposited on close lattice 
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matched (0001) SiC-4H substrates, the substrate miscut have been shown to have 

significant effects on the optical properties [43]. These results suggest that the quantum 

wells and heterostructures require careful design of the substrate miscut for optimum 

surface and interface roughness, and still achieve high confinement efficiency.  In other 

reports of deposition of a-plane GaN films on r-sapphire substrates it has been observed 

that a decrease in substrate miscut from 1.05° to 0.5° resulted in significant reduction of 

the surface roughness vertical correlation, although the lateral correlation was not 

changed significantly [44, 45]. The cause of the change in the vertical correlation length 

could be due to the tilt in the grains of the film along the substrate miscut, while the 

lateral correlation length may be inherent to the crystal structure and the growth kinetics. 

 

2.3.2 INTERFACE PROPERTIES 

A study of the interface properties is important to understand the defect formation 

at the interface between the film and the substrate, and also at hetero-interfaces. The 

presence of defects such as misfit dislocations, threading dislocations, or stacking faults 

are associated with the crystal growth and structural integrity of the films, which have a 

direct impact on the optical and electrical properties. Several groups have studied the 

interface properties of the polar ZnO films grown on c-sapphire substrates. There have 

been few reported works including ours, on the interface properties of non-polar ZnO 

films.  Unlike GaN, c-oriented ZnO films do not show basal plane stacking faults. 

However, as observed by Vigue et. al. for ZnO films deposited on c-sapphire substrates. 

The threading dislocations are mostly oriented along the c-axis, some even forming 

dislocation loops. They also observed three different kinds of threading dislocations 
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primarily a-type, a+c-type and c-type. The overall defect density was found to be around 

4×1010 cm-2 [46]. However, Gerthsen et. al. deposited c-axis oriented ZnO films on a 

GaN/c-sapphire template and showed high density of stacking faults. They observed two 

stacking faults with different stacking sequences and bounding dislocations in the 

structure. The origin of the stacking faults was associated with vacancies or interstitial 

leading to formation or absence of additional (0002) planes. The primary reason being 

presence of point defects (Zn interstitial), due to the possibility of accommodation of 

large Zn interstitial in the ZnO lattice, however the presence of oxygen vacancies is 

equally probable cause of such observation [47]. Narayan et. al. studied the defects at the 

ZnO/c-sapphire and the hetero-interface AlN/ZnO/c-sapphire. These films were 

deposited using PLD. The observed density of threading dislocations close to the 

interface of ZnO/c-sapphire was about 2×1010 cm-2, while the density of stacking faults in 

the basal (0001) plane was about 105 cm-1. The hetero-interface between AlN and ZnO 

was found to be a mixed interface that was polycrystalline in nature. The density of 

threading dislocations in AlN films oriented towards the (0002) was found to be 1010 cm-

2. The threading dislocations in ZnO films were oriented with a burgers vector 1/3[1120 ], 

and the density decreased with increase in film thickness [48]. The decrease in density of 

threading dislocations in expected due to improvement in the film quality with thickness.  

 

2.4 OPTICAL AND ELECTRICAL PROPERTIES 

The operation of all optoelectronic devices is based on creation or annihilation of 

electron-hole pairs induced by absorption and recombination of photons. The electron-

hole pair formation basically involves excitation of an electron from the valence band to 
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the conduction band leaving a hole behind in the valence band. This excitation occurs 

from any energetic photon incident on the semiconductor that can impart energy greater 

than the bandgap of the semiconductor. In this process the energy is absorbed from the 

energy source and the process is called absorption. The reverse of this process is 

recombination. When the recombination is radiative, photons are dissipated usually with 

energy equal to the band gap of the semiconductor. This process is called luminescence. 

Photoluminescence can be defined as radiative recombination of the electron-hole pairs 

created by injection of photons [49]. The optical absorption and emission spectra provide 

information about the bandgap, energy positions of the defects and impurity levels etc. 

There are other transitions in a material other than the valance to the conduction band 

transition caused by the presence of defects and impurities. These transitions are free 

excitons, bound excitons and deep-level transitions. Free excitons are caused by the 

presence of a free electron and free hole in the conduction band, they experience and 

coulombic force of attraction due to opposite charges. Thus the electron orbits around the 

hole as in a hydrogen atom and has a binding energy associated with it. Bound excitons 

on the other hand, are formed when an isolated intrinsic or extrinsic defect in the lattice 

facilitates the binding of an exciton via coulombic forces. For example, a free hole can 

combine with a neutral donor to form a positively charged excitonic ion [49-52]. Deep 

level transitions are caused by presence of defects in lattice such as vacancies, interstitial 

or substitutional impurities, or impurity-vaccancy complexes in the forbidden energy gap 

of the semiconductor. These primarily act as carrier recombination or trapping centers 

and adversely affect the device performance [52].    
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The direct bandgap energy of ZnO is 3.37eV at room temperature and the 

refractive index varies from 1.96 to 2.1, with wavelength below the band gap. The 

conduction band for ZnO is predominantly s-type, and valence band is p-type (6 fold 

degenerate). The valence band splits into three bands A, B and C, which are doubly 

degenerate sub bands. The free exciton binding energies associated with these bands are 

63meV, 50meV and 49meV respectively. The experimental bandgap value for wurtzite 

ZnO is reported to be 3.4eV and that of MgO in rocksalt symmetry is 7.8eV. Therefore, 

when ZnO is alloyed with Mg the bandgap will increase, but Mg incorporation will also 

increase the ionicity of the material. Walter et al [53, 54] have applied the LDA 

approximation to calculate the bowing coefficient value to be 0.56eV. Applying the gap 

correction of 2.56 eV from LDA approximation to the rocksalt structure, the bandgap of 

wurtzitic MgO is estimated to be 6.25 eV. Using the estimated value of 6.25 eV for 

wurtzite MgO and a gap of 3.4 eV for ZnO, they predict a gap of 4.2 eV at 33% MgO, 

consistent with Ohtomo’s result [9]. From the MgxZn1-xO films grown using PLD 

method, Ohtomo et.al. have experimentally determined the bandgap at room temperature 

to vary linearly upto 4.15 eV for x=0.36. Therefore, MgxZn1-xO films can serve as a 

suitable material for potential barrier layers in ZnO based devices having a bandgap 

offset (∆Eg) as large as 750 meV. The band edge line up at the ZnO/Mg0.33Zn0.67O is 

shown in figure 2.6. The value of ∆Ec/∆Ev was determined to be 90/10 using best fit 

method of the calculated values of effective mass of electrons (m*
e=0.28) and holes 

(m*
h=1.8) with the experimental data [55]. Figure 2.5 shows the bandgap lineup of ZnO 

and MgZnO. Optical anisotropy exists in the excitation of these excitons by light 

polarized either perpendicular or parallel to c-axis of ZnO.  
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Figure 2.5: shows the bandgap lineup of ZnO and MgZnO. 
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C-excitons being excited when light is polarized parallel to c-axis and, A and B 

are excited when light is polarized perpendicular to c-axis of ZnO. Presence of optical 

anisotropy and high binding energy is useful for many applications of ZnO. 

The wide bandgap of ZnO reduces visible light sensitivity, preventing possible 

degradation of the device [56, 57]. Highly crystalline and optically transparent (visible 

part of spectrum) ZnO films can be deposited at low temperatures and wet chemical 

processing of ZnO is possible. These desirable properties have led to increased efforts 

towards the development of ZnO-based field effect transistors (FETs), thin film 

transistors (TFTs) and heterostructure field effect transistors (HFETs) [12, 13, 58]. 

The availability of anisotropic transport properties can be advantageous or 

detrimental depending on device structure and application. It can be used to optimize the 

performance of devices such as Schottky contacts or p-n junction diodes, which exhibit a 

predominantly a one-dimensional current flow by choosing appropriate in-plane crystal 

orientation. However, more complex electronic devices using the anisotropic mobility 

and carrier transport would require careful design and analysis. It was observed that 

although large anisotropy in the bulk mobility is detrimental to 6H-SiC based vertical 

power devices such as double-implanted metal-oxide-semiconductor field effect 

transistors (DMOSFETs) [59], in-plane mobility anisotropy can be used to achieve a 

lower on-resistance in [60]. Orientation-dependent (perpendicular and parallel to (011) 

rotation-axis) device performance has been investigated for off-axis cut Si MOSFETs, the 

difference in I-V characteristics has been attributed to mobility and surface roughness 

anisotropy [61]. Irie et. al. investigated the in-plane mobility anisotropy and strain-

direction dependence of inversion layer mobility in Si (100), (110) and (111) and found 
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an optimum combination of surface orientation, in-plane channel direction and strain 

direction for enhanced MOSFET device performance [62]. Mobility anisotropy in 

strained-Si has been used for better FET device performance [63]. Similar studies on 

orientation-dependence of mobility anisotropy have been studied on organic 

semiconductors [64, 65]; and in heterostructures and super-lattices where the interface 

roughness significantly affects anisotropy in transport characteristics [66, 67]. 
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CHAPTER 3: MOCVD GROWTH OPTIMIZATION 

It is imperative to control the thin film’s material properties to achieve good 

device performance. Optoelectronic devices such as quantum wells and heterostructures, 

and electronic devices such as field effect transistors (FETs) etc. strongly depend on the 

crystal properties, surface and interface morphology, strain, optical and electrical 

properties. Successful realization of such device structures requires an understanding of 

the thin film growth phenomena to achieve optimized growth conditions. This chapter 

focuses on the MOCVD growth optimization of a-plane MgxZn1-xO films on r-sapphire 

substrate. The first section discusses the MOCVD system configuration used to deposit a-

plane MgxZn1-xO films. The following this the focus is on the growth optimization and 

study of crystal orientation, crystal quality, morphology and optical properties. Finally a 

preliminary work in development of ZnO-based heterostructures presented. 

 

3.1 MOCVD SYSTEM 

The Rutgers MOCVD chamber is an axis-symmetric rotating-disk vertical flow 

reactor as shown in figure 3.1. It consists of a horizontally placed wafer susceptor, which 

is rotated at high speeds and is heated by a resistive heater placed below the susceptor. 

Rotation of the substrate improves the deposition uniformity across the wafer. Gases flow 

from the top and exit through an exhaust at the bottom. N2, introduced into the MOCVD 

reactor from the top, is used as the carrier gas, while ultra high purity oxygen is used as 

an oxidizer. This system configuration provides the separation of metalorganics from O2, 

and a small transit time for the gaseous species due to the high speed of gases coming out 

of the holes in the injectors and the short distance from the injectors to the substrate, 
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resulting in a reduction of gas phase reactions. To reduce the transit time in the lines an 

additional Ar push flow is added to the exit side of the bubblers carrying the 

metalorganics into the reaction chamber. High purity O2 is introduced into a growth 

chamber through a separate line. Argon flowing through the bubblers is initially sent 

through the bypass line directly to the exhaust system and is introduced into the chamber 

only when the susceptor temperature is heated up to the required temperature. The 

volume of argon is sufficiently low to prevent any turbulence in the system, as compared 

to the total volume of gases flowing into the reactor while switching the gas flow from 

the bypass line into the chamber. A schematic of the flow pattern over a rotating 

susceptor is shown in figure 3.2. The vertical velocity of gas flowing downward is 

reduced as it approaches the susceptor and is redirected radially, reaching a stagnation 

point of zero vertical velocity at the susceptor surface. The flow pattern is characterized 

by a boundary layer of fluid being dragged around with the disk and thrown outward by 

centrifugal force. This centrifugal pumping action also sucks gas down toward the disk. 

When the susceptor is heated, the gas above the susceptor is heated and rises up due to 

buoyancy, and then falls again after being re-cooled. This instability develops into 

circulating flow patterns. Circulation can result in undesirably long residence times 

leading to gas phase reactions that degrade the quality of growing film. These circulating 

patterns can be avoided by maintaining a large downward flow. In case of ZnO growth, 

such flow patterns have to be avoided since small particles formed due to gas-phase 

reactions will stay in the reactor and grow, and will degrade the quality of the growth. 

These circulating flow patterns can be avoided by maintaining a large downward flow. 

Hence a large volume of carrier gas has to be constantly introduced from top. 
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Figure 3.1: Schematic of a MOCVD system for ZnO growth 

 

 

Figure 3.2: Schematic diagram of the axis-symmetric flow patterns in a rotating-disc 

vertical flow MOCVD reactor 
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The vacuum system consists of two stages, the first stage is a roots blower that 

allows a high volume of gas to flow, and the second stage is a roughing pump.  The 

vertical velocity of gas flowing downward is reduced as it approaches the susceptor and 

is redirected radially, reaching a stagnation point of zero vertical velocity at susceptor 

surface. An IBM-compatible PC with data acquisition (DAQ) boards is used to control 

and monitor the mass flow controllers (MFC) and pneumatic valves, and to maintain 

temperature and pressure in the reactor and the gas lines. The metalorganic precursors 

used for Zn and Mg are DEZn (Diethyl Zinc) and MCp2Mg (Bis-methyl cyclopentadienyl 

Magnesium), respectively. Since, DEZn with melting point −28°C, and the boiling point 

is 117°C and 30°C at pressures of 760mm Hg and 27mm Hg respectively, has high vapor 

pressure at room temperature, so the bubbler is maintained at a temperature of ~19oC. 

MCp2Mg on the other hand has a melting point of 29oC and boiling point of 56oC at 

0.3mm Hg, thus the bubbler is maintained at ~47oC. In order to prevent the condensation 

of precursors vapors in the delivery lines and clogging of the gas handling system, all 

portions of this network that transport chemical vapor must be heated to or above the 

evaporation temperature of the precursor. Therefore, the MCp2Mg line is heated till the 

inlet into the reactor. 

 

3.2 GROWTH OPTIMIZATION OF a-PLANE MgxZn1-xO FILMS  

Heteroepitaxy of ZnO on sapphire involves many problems due to the differences 

in chemical nature, structure (wurtzite on corundum), lattice parameters, and thermal 

expansion coefficient. In case of a-plane ZnO growth on r-sapphire, the films also suffer 

from anisotropic mismatch in lattice parameters and thermal expansion coefficients as 
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discussed earlier in section 2.3.2. In this section growth optimization of a-plane ZnO and 

MgxZn1-xO films is discussed. Growth optimizations study includes determination of Mg 

position in the ZnO lattice, crystal orientation, morphology and crystallinity study and a 

study of the optical properties.  

To optimize oxide film quality, it is desirable that the chemistry of metal 

oxidation on the surface occurs at a rate much higher than that of film growth. 

Furthermore, it is desired to have the substrate temperature high enough to promote 

surface diffusion to achieve good crystallinity. Thus an optimum has to be reached 

between the growth temperature and the flow of metalorganics reaching the substrate 

surface for oxidation, to enhance layer-by-layer (Van-der Marwe) growth mode. 

Therefore neglecting lattice mismatch, layer-by-layer growth of ZnO, can be achieved if 

Zn atoms are delivered to the r-sapphire substrate along with excess molecular oxygen 

atoms at a growth rate that is slow compared to the kinetics of the oxygen dissociation 

reaction O2 → 2O and the oxidation reaction Zn + O → ZnO. In such a case, the rate-

limiting step would be the delivery of Zn atoms to the surface. Individual Zn and O atoms 

could then diffuse on the surface and find their respective sites of minimum energy, 

which are cation and anion sites in the corundum lattice, respectively, located either at 

steps or on terraces. If, in contrast, the growth rate is slightly faster than the rate of O2 

dissociation, intermediate products / phases can be formed which get embedded into the 

growing film thus resulting in poor structural quality. Zn atoms delivered from the Zn 

precursor using Ar as carrier and O2 used as oxidizer from a separate injector (as 

described in earlier section 2.2), with optimized temperature and flow rate is used to 

deposit a-plane ZnO films. 
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MgO alloying of ZnO to form a-plane MgxZn1-xO can be achieved by introducing 

Mg precursor (MCp2Mg) along with the Zn precursor (DEZn) during the MOCVD 

growth. It has been reported earlier by Muthukumar et. al. that a ~5nm ZnO buffer was 

required to sustain the wurtzite crystal structure in a-plane MgxZn1-xO films deposited on 

the r-sapphire [11]. The presence of ZnO buffer provides epitaxial wurtzite template for 

subsequent MgxZn1-xO films to be wurtzite. This is primarily because Mg atom prefers 

octahedral sites on sapphire as substrate, thus allowing formation of cubic rocksalt 

(Mg,Zn)O. A ZnO buffer on the other hand prevents the interaction of Mg atom and the 

sapphire substrate, thus restricting the formation of the cubic rocksalt structure.  

Growth rate of the film is dependent on the substrate temperature and the gas-

flow conditions. Gas flow and deposition temperature determines the rate-limiting step 

during a CVD growth. At low deposition temperatures, keeping the gas-flow constant, 

the growth rate increases exponentially with increase in temperature. Assuming that the 

gas-phase reaction is limited by controlling and diluting the gasses in the reaction 

chamber, and most of the reaction occurs on the surface of the substrate. The rate-limiting 

step in such a process is the reaction rate and the surface diffusion of the constituents’ Zn 

atom and oxygen. At high temperatures however, the surface diffusion energy is much 

higher than the activation energy of the surface chemical reaction, the rate-limiting step is 

the transfer of the reactants onto the surface of the substrate across the boundary layer. In 

this regime if the gas-flow is increased it further increases the growth rate. Growth rate is 

significantly affected by MgxZn1-xO alloy composition. Since, Mg metalorganic has much 

lower vapor pressure as compared to Zn metalorganic, and the surface diffusion of Mg 
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slower than Zn, the overall growth rate of a MgxZn1-xO film is reduced with Mg 

composition in the films. 

ZnO and MgxZn1-xO films were deposited on r-sapphire substrates using MOCVD 

deposition technique. The deposition temperature and gas flow conditions are optimized 

for improved film structural and optical properties. The films were deposited in the 

temperature range of 400 – 580°C. The film’s thickness was maintained at ~520nm for 

comparison. Variations in Mg composition are achieved by changing the Zn/Mg 

metalorganic gas-flow ratio. Typical growth rate of the films ranged from 450 – 

500nm/hr. 

 

3.2.1 Mg IN ZnO LATTICE 

Thermodynamic solid solubility of MgO in ZnO is predicted to be ~5% [68]. 

Even though higher compositions of wurtzite MgxZn1-xO have been demonstrated [9-11, 

23], the precise position of Mg atom in ZnO lattice is uncertain. Mg atom could be 

substitutional to the Zn atom or stay as interstitial. For precise composition and film 

quality control it is required to know the position of Mg in the ZnO lattice. In 

collaboration with Prof. Ulrike Diebold’s group at the Physics department at Tulane 

University, we studied this in detail. Figure 3.3 (a) shows a schematic of the Zn plane in 

the wurtzite lattice of ZnO. Figure 3.3 shows the Auger scattering intensity observed (b) 

from Zn and Mg atoms and (c) from O atoms with variation in the polar angle. 

Auger electron spectroscopy (AES) with different polar angles is performed to 

investigate the position of Mg in ZnO lattice.  
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Figure 3.3 (a) shows a schematic of the Zn plane in the wurtzite lattice of ZnO, (b) 

and shows the Auger scattering intensity observed from Zn and Mg atoms and O 

atoms, respectively with variation in the polar angle. 

(a) 

(b)

(c)
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Auger electron spectroscopy (AES) is one of the most widely used techniques for 

characterization of materials and their surface structure. In angle-resolved AES the signal 

intensity varies with angle of detection with respect to surface and is sensitive to the 

surface structure. So, varying the angle of incidence and collection angle can be used to 

identify the single crystalline surface of MgxZn1-xO film.  

It can be observed that the largest scattering is possible at polar angles of 0, 30 

and 60 degrees respectively, due to larger number of atoms along these angles. The 

oxygen plane under the Zn plane has a similar array of atoms. It can be clearly observed 

that the highest intensity peaks are at 0, 30 and 60 degrees. Furthermore, the peak 

intensities for Zn and Mg have almost a one to one correspondence with polar angle 

variation. This indicates that the Zn and Mg atoms are present at similar locations in the 

ZnO lattice. 

 

3.2.2 Mg composition: 

 One of the key issues in growth optimization of a-plane MgxZn1-xO film is control 

of Mg composition. Mg composition is controlled during the MOCVD growth by 

controlling the Mg/Zn metalorganic gas-flow ratio. Mg composition is also affected by 

the deposition temperature during MOCVD growth. Muthukumar et. al. indicated that an 

increase in the deposition temperature reduces the Mg composition in a-plane MgxZn1-xO 

films as discussed in section 2.2 [11]. 

 The room temperature transmission spectra were measured with UV-

visible spectrometer. Figure 3.4 shows a plot of % transmission versus wavelength (nm) 

for MgxZn1-xO films with x = 0, 0.18, 0.25, 0.34, 0.60, respectively.  
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Figure 3.4 shows a plot of % transmission versus wavelength (nm) for MgxZn1-xO 

films with x = 0, 0.18, 0.25, 0.34, 0.60, respectively. 
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The absorption coefficient α is calculated after excluding the substrate reflection 

loss. A simplified energy band edge model is adopted to determine the energy bandgap 

(Eg) of MgxZn1-xO for various Mg compositions as given by: 

α2 ∝ (hν - Eg) 

 The sharp transmission edge in figure 3.4 also confirms the good optical property 

of the MgxZn1-xO films. With the increase of the Mg composition, the changes in slopes 

of the transmission edges also show alloy-broadening effect. It is evident that an increase 

in the Mg composition moves the transmission edge towards lower wavelengths 

corresponding to increase in the direct bandgap of the MgxZn1-xO films. The increase in 

direct bandgap with Mg composition in MgxZn1-xO, follows [9, 13, 33]: 

          (3.1) 

And,  

 (3.2) 

 

3.2.3 MORPHOLOGY, ORIENTATION AND CRYSTAL PROPERTIES 

The morphology of the a-plane films was studied using a Leo Ziess field emission 

scanning electron microscopy (FESEM). The crystal orientation was studied using a 

Bruker D-8 x-ray diffraction system, while the crystallinty was studied using a x-ray 

synchrotron radiation source at Brookhaven National Labs.  

Figure 3.5 (a) and (b), shows the FESEM images of a ZnO and Mg0.12Zn0.88O film 

on r-sapphire, respectively. The films are dense and uniform over the entire substrate 

surface. X-ray θ-2θ scans are used to determine the crystal orientation of the films. 

Figure 3.6, (a) and (b) show x-ray coupled scans for the ZnO and Mg0.12Zn0.88O films, 

1( ) [ 5.8 (1 ) 3.32]g x xE Mg Zn O x x eV− = × + − ×

/ 70 / 30c vE E∆ ∆ =
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respectively. It is observed that only (1120 ) reflections are present indicating the films 

are purely a-plane oriented ZnO and MgxZn1-xO. It is also observed that the peak 

separation between the ( 0224 ) r-sapphire peak and the (1120 ) MgxZn1-xO peak is lower 

than the corresponding (1120 ) ZnO peak. This is because of change in the lattice 

parameters with MgO alloying of ZnO, as discussed in section 2.1. The epitaxial 

relationship between a-plane ZnO, MgxZn1-xO films and r-sapphire substrates using X-

ray diffraction was earlier identified to be (1120 ) ZnO, MgxZn1-xO || ( 0112 ) Al2O3 and 

[0001] ZnO, MgxZn1-xO || ( 0111) Al2O3 [33]. 

Crystal properties of the a-plane ZnO films are characterized with variations in 

MOCVD deposition temperature. Figure 3.7 shows a plot of full width at half maximum 

(FWHM) of ω-rocking curves and detector scan of a-plane ZnO films with variations in 

deposition temperature. The film thickness for all samples is maintained to be about 

~520nm for all the samples. It is observed that an increase in the deposition temperature 

from 400°C to 580°C decreases the FWHM of the detector scan, while increasing the 

FWHM of the ω-rocking curves. FWHM of the ω-rocking curves is indicative of the thin 

film mosaic, while the FWHM of the detector scan is indicative of thin film crystallinity 

and strain. Assuming a layer-by-layer (Van-der Marwe) growth mode, an increase in 

deposition temperature improves the crystallinity of the thin films by increasing the 

surface diffusion during the initial nucleation and growth. However, such an increase in 

deposition temperature also increases the mosaic in the films as result of the in-plane 

lattice mismatch with the r-sapphire substrate. Growth rate of the films also plays a key 

role in determining the crystallinity and mosaic in the films.  
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Figure 3.5: (a) and (b) shows the FESEM images of a ZnO and Mg0.12Zn0.88O film on 

r-sapphire, respectively. 

 

 

 

 

 

 

(a) 

(b) 
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Figure 3.6: (a) and (b) show x-ray coupled scans for a-plane ZnO and Mg0.12Zn0.88O 

on r-sapphire, respectively. 

 

 

 

 

 

 

(a) 

(b) 
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An increase in the growth rate due to gas-flow increase or deposition temperature 

increase would have different affect on the crystal properties. Increase in the 

metalorganic gas-flow while maintaining the same deposition temperature increases the 

growth rate, however leads to poorer crystal properties. This is again justified by the 

surface diffusion rate, as the reaction constituents reaching the substrate surface do not 

have enough surface diffusion time, leading to poorer film crystallinity. Another case is 

if, the growth rate is slightly faster than the rate of O2 dissociation, intermediate products/ 

phases can be formed which get embedded into the growing film resulting in poor film 

structural quality. The a-plane ZnO films deposited at lower deposition temperatures than 

400°C showed extremely poor crystal properties. Films deposited at 300°C did not show 

any peaks in XRD indicating amorphous structure, while the films deposited at 360°C 

showed FWHM of ω-rocking curves as 2.6142° and FWHM of the detector scan as 

0.279°. Thus the optimized deposition temperature for good crystallinity as well as 

mosaic is in the range 520°C - 560°C, where the FWHM of the ω-rocking curves is about 

0.4° - 0.5° and the FWHM of the detector scan is 0.037° - 0.039°. 

 

3.2.4 OPTICAL PROPERTIES 

The optical properties of the a-plane films were characterized using room 

temperature PL spectra. The PL measurements were done using a 325nm He-Cd laser. 

All the samples were grown at ~520°C, with a film thickness of ~520nm for comparison. 

Figure 3.8 shows the room temperature PL spectra for a-plane MgxZn1-xO (x = 0, 0.08 

and 0.12) films on r-sapphire substrate. The intensities of the peaks were normalized for 

comparison between different film compositions. 
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Figure 3.7 shows a plot of full width at half maximum (FWHM) of ω-rocking curves 

and detector scans of a-plane ZnO films with variations in deposition temperature. 
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Figure 3.8 shows the room temperature PL spectra for a-plane MgxZn1-xO (x = 0, 

0.08 and 0.12) films on r-sapphire substrate, the intensities of the peaks were 

normalized for comparison between different film compositions. 
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A blue shift with increase in Mg composition is clearly observed with an increase 

in Mg composition in the films. This is consistent with an increase in the direct bandgap 

of MgxZn1-xO films with Mg composition increase as indicated in equation 3.1. The 

absence of deep level peaks in the PL spectra indicates that the films have good optical 

properties. The FWHM of the films increase from ~95meV for a-plane ZnO to ~133meV 

observed for a-plane Mg0.12Zn0.88O films. The peak intensities for all the samples are of 

the order of 104 counts.  

The low FWHM and high intensity is also indicative of good structural properties 

of the films. Large dislocation density in the films lead to non-radiative recombination 

centers, thus lowering the intensity and increasing the FWHM of the PL peaks. Absence 

of deep level peaks is indicative of purity of the samples. 

 

3.3 ZnO/ MgxZn1-xO HETEROSTRUCTURE 

With the advances in the epitaxial technology of ZnO and MgxZn1-xO, 

heterostructures and quantum well (QW) structures are of considerable practical interest. 

Due to the quantum confinement effect, quantum well structures may provide larger 

oscillation strength, enhanced exciton binding energy, and tunability of the operating 

wavelength. By reducing the dimensions of the active layer, the exciton binding energy 

and the oscillator strength can be greatly enhanced, which should further improve the 

lasing characteristics. This effect has been extensively studied in III–V narrow 

semiconductor QWs [69]. However, very few experimental results about the quantum 

size effect have been reported for II–VI wide band-gap semiconductor QWs [70, 71]. 

This is because the exciton radius of a wide band-gap semiconductor is relatively small so 

that the quantum size effect is pronounced only as its size in the confinement direction 
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becomes very small. Recently, Koinuma et. al. [72-78] have conducted extensive studies 

in ZnO/MgZnO based multiple quantum wells (MQW) grown on lattice matched 

ScAlMgO4 (SCAM) substrates with (0001) orientation. They report improved structural 

and optical properties of ZnO MQWs by the adoption of lattice-matched SCAM 

substrates [78]. The lattice matching condition enabled them to achieve high 

controllability of layer thickness resulting in the quantum-confinement effect for the 

exciton energy for a well width in the order of 1.5 unit cells or more and a bright 

excitonic PL at room temperature [77]. They have also characterized the exciton binding 

energies due to the quantum confinement effect [72] with varying well widths and barrier 

heights and the effect of temperature on the excitonic properties [79] on these ZnO based 

MQWs. The binding energies of excitons in ZnO based MQWs were found to be much 

higher than those of bulk ZnO and were dependent on the well width. Their experimental 

results matched with the theoretical calculations [80] that took into account exciton–

phonon interaction of these structures. They have also reported that the coupling strength 

between the exciton and LO phonon [73] in ZnO/MgZnO MQWs was largely reduced 

compared within bulk ZnO and this remarkable reduction was closely correlated with 

enhancement of the exciton binding energy, indicating that the stability of excitons was 

greatly increased by the enhancement of exciton binding energy in quantum wells. In 

other cases MgxZn1-xO films have been used as capping layer to enhance optical 

properties of ZnO epitaxial layers [81]. The capped films were epitaxially grown on 

lattice-matched ScAlMgO4 substrates by laser molecular-beam epitaxy. A 

photoluminescence spectrum taken from the ZnO layer at 5K showed emission bands at 

3.389, 3.376, and 3.362 eV. The two higher bands were due to A- and B- free exciton 
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emissions and the lowest band was due to emission of a neutral-acceptor bound exciton 

(I6). The linewidth of the I6 emission in the uncapped sample (0.8 meV) was significantly 

smaller than that in the capped one (6 meV) which was explained as a result of the strain 

applied across the ZnO layer because of the difference in lattice constant between the two 

layers. Thus it is interesting to study ZnO/ MgxZn1-xO films based heterostructures.  

A key issue to successful growth the ZnO- MgxZn1-xO based heterostructure by 

MOCVD is use of appropriate substrate temperature to facilitate surface diffusion of the 

reacting species and proper control of the gas flow during the growth to obtain required 

MgO-ZnO alloy composition. Achieving a sharp interface between the layers is required. 

Abruptness of the hetero-interface depends on various parameters including surface 

roughness of the initial layer, strain-relaxation at the initial-layer/substrate interface and 

at the hetero-interface. We have also observed that the optimum growth temperature to 

achieve good material properties between binary ZnO and its ternary MgxZn1-xO is very 

different. Thus the difference in growth rates and optimum growth temperatures between 

layers has to be accounted for and optimized based on the alloy compositions for 

development of such heterostructures, quantum wells or super lattice structures. 

We have grown ZnO-based heterostructures using MgxZn1-xO as barrier layers by 

MOCVD. Figure 3.9, shows the FESEM image of a ZnO-MgxZn1-xO single 

heterostructure. The small difference in valence electrons between ZnO and MgxZn1-xO 

(x = 0.15) leads to low z-contrast observed between the two layers. 
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Figure 3.9: shows the FESEM image of a ZnO-MgxZn1-xO single heterostructure. 
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Summary: 

In summary, this chapter discusses the MOCVD growth optimization of a-plane 

ZnO and MgxZn1-xO thin films. The position of Mg in the ZnO lattice was determined. 

The films’ morphology, orientation and crystal properties were studied and analyzed in 

detail for optimum growth conditions. We also discussed the optical properties of the a-

plane MgxZn1-xO films, it was observed that the films have very good optical properties 

as indicated by room temperature PL spectra. In the final section an introduction and 

preliminary work in development of ZnO/MgxZn1-xO based heterostructures was 

discussed. The understanding of the MOCVD growth process and the optimization of the 

thin film properties paved way for the subsequent chapters in this work.  
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CHAPTER 4: IN-PLANE STRAIN ANISOTROPY IN a-PLANE MgxZn1-xO 

Non-polar a-plane ZnO films grown on r-sapphire substrate has epitaxial 

relationship with the substrate. The anisotropic in-plane lattice mismatch between ZnO 

and r-sapphire lead to anisotropic in-plane strain components in the grown a-plane films. 

Figure 4.1 (a) and (b) show schematic and lattice structure of a-plane ZnO film on r-

sapphire substrate, respectively. This chapter deals with the x-ray diffraction (XRD) 

measurement of the a-plane ZnO and MgxZn1-xO films grown on r-sapphire substrate for 

the accurate determination of the in-plane and out-of-plane strain in these thin films. It is 

divided into three different sections: the first section analyzes strain and lattice parameter 

change in a-plane ZnO films grown under similar conditions of MOCVD growth, with 

variations in film thickness. The subsequent section analyzes strain and lattice parameter 

variation in a-plane MgxZn1-xO films with variation in Mg composition. Finally, the last 

section of the chapter deals with reciprocal space maps of a-plane ZnO and MgxZn1-xO 

films for qualitative analysis of the weak and strong defects such as vacancies, 

interstitials and dislocation loops. The significance of this study lies in the design and 

development of a-plane ZnO based quantum wells and heterostructures, where a lattice 

distortion will lead to spontaneous and piezoelectric polarization fields thus reducing the 

quantum efficiency. This study holds significance for design and development of 

electronic devices as well, where a strain state in the films could enhance the electron 

mobility [82]. Apart from device properties, strain in the films also directly affects 

physical properties of the semiconductor thin films [83]. 

The out-of-plane strain can be easily determined from the high-resolution 

symmetric w-2θ scan. However, detailed characterization of in-plane strain components 
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in non-polar a-plane ZnO films is a challenge, while using conventional high resolution 

x-ray systems in symmetric mode, primarily due to the absence of corresponding 

substrate peaks and difficulties in accessing multiple reciprocal space points in the 

Ewald’s sphere. Furthermore, high order reflections have low intensity counts reducing 

the precision in the measurement. Thus in order to comprehensively characterize the in-

plane strain components of the ZnO and MgxZn1-xO films, we used x-ray synchrotron 

radiation source with a four-circle high-resolution diffraction setup at Brookhaven 

National Labs at beam-line X6B, with energy range 6.5 – 20keV. This system was 

equipped with a Si (111) mono-crystal channel-cut located 10m from source used as 

grating, with resolution (dE/E) of 2.0 x 10-4 @ 8keV. The spot size (mm) of the source is 

0.3H x 0.3V in focused state with an angular acceptance (mradians) of 3.0. Use of a 

synchrotron radiation overcomes the above mentioned problems. It also provides 

monochromatic source with high-resolution beam optics and high intensity counts for 

high-order reflections ensures precision in measurement. The use of a four-circle setup 

helps to access most of the high-order reflections in symmetric mode. An orientation 

matrix of the films is setup by accessing precise position of various x-ray reflections. 

Lattice refinement is performed using these reflections to give precise unit cell (a, b, c, α, 

β and γ). The measured lattice parameters are then evaluated against bulk ZnO lattice 

parameters to calculate strain, according to equation 4.1: 

  (4.1) 

 

Where, p[hkil] and po[hkil], correspond to the strained and relaxed lattice 

parameters along an arbitrary crystal direction [hkil]. 
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Figure 4.1: (a) and (b) show schematic and lattice structure of a-plane ZnO film on 

r-sapphire substrate, respectively. (c) Shows orthogonal axes for a hexagonal unit 

cell 

ZnO 

Al2O3 

(a) 

(b) 

(c) 
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A hexagonal unit cell (a = b ≠ c, α = β = 90° and γ = 120°) distortion can be 

defined by a orthorhombic unit cell (a ≠ b ≠ c, α = β = γ = 90°) [84]. A hexagonal unit 

cell always has a pair of orthogonal axes, as discussed earlier in section 2.3 as shown in 

figure 4.1 (c). In case of a-plane films such orthogonal axes can be described using 

a[1120 ] as out-of-plane axes, and p[1100 ] and c[0001] as in-plane axes. The unit cell 

transformation from hexagonal to orthorhombic unit cell is given by: 

 (4.2) 

 

 The corresponding orthorhombic unit cell would have parameters given by [84]: 

     

    (4.3) 

 

Where, a, b and c are vector lattice parameters. Subscript (O) correspond to orthorhombic 

unit cell, while subscript (H) corresponds to hexagonal unit cell.  

 To evaluate the in-plane and out-of-plane strain in the a-plane films, the 

difference in the lattice parameters of a relaxed ZnO and a strained a-plane film is taken 

along the orthogonal axes system set in figure 4.1 (c). Where, ar and br correspond to the 

relaxed lattice parameters and as and bs correspond to the strained lattice parameters. 

Since, in a hexagonal system a = b, an average of the unit cell parameters a and b, 

measured from the unit cell refinement is taken. Also, the deviation in angle γ (defined as 

∆γ) affects a and b lattice parameters, but is assumed to have insignificant effect on c 

lattice parameter to the zeroth order. This assumption is valid since c-axis is orthogonal 

to both a-axis and b-axis as seen in figure 4.1 (c). 
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4.1. Strain with a-plane ZnO film thickness 

Non-polar a-plane ZnO thin films were deposited on r-sapphire substrates. The 

growth temperature (~520°C) and the gas-flow conditions were maintained constant for 

all the samples during MOCVD growth, with a typical growth rate of ~500nm/hr. The 

deposition time of the samples was varied to achieve the difference in the film thickness. 

A step on the samples was created by wet etching of the samples to the sapphire 

substrate, using a photolithography mask. An alpha-stepper was used across the step to 

measure the thickness of the films. XRD measurements were carried out on the samples 

using a synchrotron radiation source at Brookhaven National Labs followed by lattice 

refinement to obtain the unit cell parameters. The lattice parameters a[1120 ], p[1100 ] 

and c[0001] are then calculated along the orthogonal axes using the measured a and b 

lattice parameters, shown in table 4.1. The error factor for the lattice refinement was of 

the order of 10-4nm. The error in film thickness measurement using an alpha stepper is 

typically less than 1%. 

 

Table 4.1: Lattice parameters along orthogonal parameters a[1120 ], p[1100 ] and 

c[0001] axis, with variation in a-plane ZnO film thickness. 

Film 
Thickness 

(nm) 

a ± ∆a (Å) 
[1120 ] 

p ± ∆p (Å) 
[1100 ] 

c ± ∆c (Å) 
[0001] 

γ ± ∆γ 
(degrees) 

355 3.2595 ± 0.0007 5.65364 ± 0.0012 5.1726 ± 0.0001 120.31 ± 0.012 
406 3.2576 ± 0.000228 5.65032 ± 0.00039 5.17286 ± 0.000151 120.282 ± 0.006 
520 3.25396 ± 0.000517 5.64313 ± 0.00089 5.18115 ± 0.000344 120.250 ± 0.0126
1000 3.25001 ± 0.00021 5.63221 ± 0.00036 5.201 ± 0.00013 120.107 ± 0.007 
2000 3.2498 ± 0.00035 5.6288 ± 0.0006 5.2065 ± 0.00023 120 ± 0.005 
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It is observed that γ for the films with thickness < 2000nm is larger than 120°, 

while maintaining α = β = 90°, as shown schematically in figure 4.1 (c). Figure 4.2 (a), 

(b) and (c) show plots of lattice parameters a[1120 ], p[1100 ] and c[0001] on orthogonal 

axes with respect to the a-plane ZnO film thickness.  It is observed that the a[1120 ] and 

p[1100 ] lattice parameters decrease, while the c[0001] lattice parameter increases with 

an increase in the film thickness. The lattice parameters relax to the bulk ZnO value for 

films with thickness ≥ 2000nm.  

Using the measured lattice parameters and bulk ZnO lattice parameters, strain is 

calculated according to equation 4.1, as shown in the plot of figure 4.3 (a). Figure 4.3 (b) 

shows a plot of the c/a ratio and (c) shows the plot of the strain anisotropy |(ε||/ε⊥)| with 

a-plane ZnO film thickness. The out-of-plane strain (εzz) along a[1120 ] is non-zero for 

films with thickness < 2000nm, and decreases with increase in film thickness. The in-

plane strains (εyy) along p[1100 ] and (εxx) along c[0001] is observed to be anisotropic, 

with (εyy) decreasing and (εxx) increasing, with increase in film thickness. The negative 

value of (εxx) corresponds to a compressive stress along the in-plane c-axis and positive 

value of (εyy) is indicative of a tensile stress for film thickness < 2000nm, with out-of-

plane stress to be zero as it is the direction of unrestrained growth. A sapphire crystal in a 

hexagonal crystal system with lattice parameters a = 0.47592nm and c = 1.2996nm, gives 

a (c/2a) ratio of ~1.3654 [85]. Since, the a-plane ZnO films are epitaxially grown on r-

sapphire, the (c/a) ratio of strained ZnO films is closer to the sapphire value and increase 

from ~1.5874 to ~1.60212 with relaxation. It is also observed that the strain anisotropy 

|(ε||/ε⊥)| increases with increase in film thickness.  
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Figure 4.2: (a), (b) and (c) show plots of lattice parameters a[1120 ], p[1100 ] and 

c[0001] on orthogonal axes with respect to the a-plane ZnO film thickness 

(a) 

(b) 

(c) 
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Figure 4.3: (a) Strain variation with a-plane ZnO films thickness, bulk ZnO lattice 

parameters used as reference, (b) plot of the c/a ratio and (c) Strain anisotropy 

|(ε||/ε⊥)| with a-plane ZnO film thickness. 

 

(a) 

(b) 

(c) 
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4.2. Strain with Mg composition 

ZnO can be alloyed with MgO to form MgxZn1-xO as discussed earlier. It was also 

shown in section 3.2.1 that Mg atom substitutes a Zn atom in the wurtzite crystal lattice 

of ZnO. This is primarily because the tetrahedrally coordinated and octahedrally 

coordinated Zn2+ ion radii are very close to the tetrahedrally coordinated and octahedrally 

coordinated Mg2+ ionic radii respectively. This substitution would lead to lattice 

distortion in MgxZn1-xO films with Mg composition [11]. However, as long as MgxZn1-xO 

films retain the wurtzite crystal structure it can be treated in a similar way and compared 

to bulk ZnO films. Theoretically calculated change in the lattice parameters (nm) of bulk 

MgxZn1-xO wurtzite crystal with Mg composition is given by: [9, 14] 

  (4.4) 

  

Non-polar a-plane MgxZn1-xO thin films were deposited on r-sapphire substrates. 

The growth temperature (~520°C) and the gas-flow conditions were maintained constant 

for all the samples during MOCVD growth, with a typical growth rate of ~500nm/hr. The 

film thickness of samples was maintained to be ~520nm, while changing the Mg/Zn 

metalorganic flow-ratio varied Mg composition in the films. The composition of the 

samples was monitored using optical transmission spectroscopy and photoluminescence 

(PL) spectra. The error in composition measurement between PL and transmission 

spectra is less than 0.1%. XRD measurements were done on the samples using a 

synchrotron radiation source at Brookhaven National Labs followed by lattice refinement 

to obtain the unit cell parameters. The error factor for lattice refinement was of order of 

10-4nm. The deviation in γ (denoted as θ), with Mg composition is listed in table 4.2. 

0.520661 0.017
0.324982 0.0036

c x
a x
= −
= +
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Figure 4.4 (a), (b) and (c) show plots orthogonal axes lattice parameters along a[1120 ] 

and p[1100 ] and c[0001] of a-plane MgxZn1-xO film with Mg composition. 

 

Table 4.2: Lattice parameters along orthogonal parameters a[1120 ], p[1100 ] and 

c[0001] axis, with variation in a-plane MgxZn1-xO film composition. 

Mg 
(%) 

a ± ∆a (Å) 
[1120 ] 

p ± ∆p (Å) 
[1100 ] 

c ± ∆c (Å) 
[0001] 

γ ± ∆γ 
(degrees) 

0 3.25396 ± 0.000517 5.64313 ± 0.00089 5.18115 ± 0.000344 120.25 ± 0.0126 
12 3.26196 ± 0.000448 5.6551 ± 0.00078 5.17588 ± 0.000322 120.181 ± 0.0114
15 3.26571 ± 0.000499 5.6642 ± 0.00087 5.16892 ± 0.000189 120.271 ± 0.0127
25 3.27587 ± 0.000274 5.68196 ± 0.00047 5.15572 ± 0.000180 120.278 ± 0.0066

 

It is observed that the a[1120 ] and p[1100 ] lattice parameters increase, while 

c[0001] lattice parameter decreases with an increase in Mg composition.  

Since, change in Mg composition changes the lattice parameters (not dependent 

on lattice relaxation) as mentioned in equation 4.2 and also changes strain-state due to 

mismatch with the r-sapphire substrate it is difficult to independently resolve lattice 

distortion and strain relaxation corresponding to substrate mismatch and Mg composition 

variation. However, as mentioned earlier as long as wurtzite crystal structure is retained, 

strain can still be calculated with respect to bulk ZnO lattice parameters as shown in 

figure 4.5 (a). It is observed that an increase in Mg composition in MgxZn1-xO films 

increases the out-of-plane (along a[1120 ]) strain and in-plane strain along p[1100 ]. In-

plane strain along c[0001] becomes more negative with increase in Mg composition. The 

in-plane strain along p[1100 ] and c[0001] is observed to be anisotropic, corresponding to 

a tensile stress along in-plane p[1100 ] and a compressive stress along in-plane c[0001].  
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The out-of-plane stress is assumed to be zero as it the direction of unrestrained 

growth. Theoretically calculated (c/a) ratio to measured (c/a) ratio is plotted in figure 4.5 

(b). A comparison of theoretically calculated (c/a) lattice parameter ratio from equation 

4.2 to the measured (c/a) ratio shows similar behavior and slope with varying Mg 

composition. The (c/a) ratio is observed to decrease linearly with increase in Mg 

composition in the MgxZn1-xO films. The vertical shift between the theoretical and the 

measured value accounts for the strain in the samples. An increase in Mg composition 

decreases the (c/a) ratio towards relaxed wurtzite MgO (c/a) ratio of 1.204 [86]. An 

increase in Mg composition increases the unit cell volume of MgxZn1-xO almost linearly 

to ~47.5Å3 (for x = 0) to ~47.91Å3 (for x = 0.25) and the strain anisotropy is observed to 

decrease from ~1.927 (x = 0) to ~1.03 (for x = 0.25) as seen in figure 4.5 (c).  

 

4.3 Reciprocal space maps 

Mapping the intensity of a reflection in reciprocal space is good analytical 

technique to study crystalline periodicity, orientation, and defects. Asymmetry in 

reciprocal space map (RSM) done in bisecting mode is indicative of weak defects such as 

vacancies and interstitials in crystalline thin films, while the presence of side lobes 

around the main intensity is indicative of dislocation loops. Broadening of the RSM in 

the lateral direction is indicative of bending of the atomic planes, while a broadening in 

the longitudinal direction is indicative of lattice distortion. The displacement of the center 

of RSM along the scanned azimuths gives a quantitative measure of the strain along the 

two axes.  
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Figure 4.4 (a), (b) and (c) show plots orthogonal axes lattice parameters along 

a[1120 ] and p[1100 ] and c[0001] of a-plane MgxZn1-xO film with Mg composition. 

 

 

 

 

 

(a) 

(b) 

(c) 
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Figure 4.5 (a) Strain in a-plane MgxZn1-xO film, (b) Plot of theoretically calculated 

(c/a) ratio to measured (c/a) ratio and (c) Strain anisotropy |(ε||/ε⊥)| and unit cell 

volume with Mg composition, reference relaxed lattice of bulk ZnO is used 

 
 

(a) 

(b) 

(c) 
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For qualitative analysis of defects and mosaic in the a-plane ZnO and MgxZn1-xO 

films, RSMs were done around a off-axis reflection. These scans were carried out using a 

synchrotron radiation at Brookhaven National Labs at beamline X6B, in bisecting mode 

around the ( 2025 ) reciprocal points. Figure 4.6 (a) and (b), shows the reciprocal space 

maps along a-plane ZnO ( 2025 ) and Mg0.15Zn0.85O ( 2025 ) reflections, respectively. The 

RSM is symmetric and do not show presence of additional lobes around the scanned 

region. Symmetry indicates low density of weak defects such as vacancies, interstitials, 

and absence of intensity additional lobes indicate low density of strong defects such as 

dislocation loops. The intensity spread along ( 0 0h h ) plane is similar to the intensity 

spread along (000l) planes. It is also observed that the center of the peak is shifted from 

( 2025 ) reflection both along ( 000l ) and ( 0 0h h ) that the film is strained along both 

azimuths ZnO ( 2020 ) and ZnO (0005). The RSM of a-plane Mg0.15Zn0.85O film is less 

symmetric compared to ZnO map.  

The intensity spread along ( 000l ) is much larger than the intensity spread along 

( 0 0h h ), thus the a-plane Mg0.15Zn0.85O film has larger density of interstitials and 

vacancies compared to ZnO films grown under similar growth conditions. Side lobes are 

not observed from the RSMs indicating low density of dislocation loops. The lateral 

broadening in Mg0.15Zn0.85O film is also observed to be much larger than ZnO films 

indicating larger bending of atomic planes compared to ZnO. 

 

Summary 

In this chapter we did comprehensive characterization and analysis of strain in a-plane 

ZnO and MgxZn1-xO films using x-ray diffraction from a synchrotron source.  
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Figure 4.6: (a) and (b), shows the reciprocal space maps along a-plane ZnO ( 2025 ) 

and Mg0.15Zn0.85O ( 2025 ) reflections, respectively. 

 

 

(a) 

(b) 
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Strain behavior was analyzed for film thickness and Mg composition variations. It 

was observed that the in-plane strain is anisotropic along and perpendicular (along 

p[1100 ]) to the in-plane c-axis [0001]. The strain anisotropy is reduced as the film 

thickness increases till complete relaxation occurs at film thickness of ~2000nm. In-plane 

stress is also anisotropic with tensile component along p[1100 ] and compressive 

component along [0001]. When the Mg composition in the films is varied the in-plane 

stress and strain anisotropy increases. Reciprocal space maps done around the ( 2025 ) 

reflections of films indicate low density of dislocation loops. Density of vacancies and 

interstitial defects is observed to be higher for Mg0.15Zn0.85O films as compared to ZnO 

films. Films are observed to be strain along both ( 2020 ) and (0005) azimuths. 
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CHAPTER 5: INTERFACE AND SURFACE PROPERTIES 

For optimal performance, thin films should possess specific mechanical, 

electrical, or optical properties that are strongly influenced by the microstructural 

qualities of the films such as crystalline state, crystallographic orientation, crystallite size, 

stresses and strain etc. Furthermore, detailed understanding of the surface morphology 

and interface properties is imperative for development of heterostructures and quantum 

wells. In this section we discuss the stress-strain, surface and interface, and optical 

properties of the MgxZn1-xO films using comprehensive characterizations and analysis. 

 

5.1 INTERFACE PROPERTIES 

Interface structure and properties of thin films are critical for several device 

applications. Interface defects and roughness plays a key role to achieve confinement 

effect in heterostructures and quantum wells. Especially in the case of a-plane ZnO and 

MgxZn1-xO films, since the strain in the films is anisotropic, study of the interface 

structure and defects is important. In this section we discuss the interface of a-plane ZnO 

and MgxZn1-xO films with r-sapphire substrate. 

Interface structure of a-plane ZnO and MgxZn1-xO films grown on r-Al2O3 

substrates have been characterized by high-resolution transmission electron microscopy 

(HRTEM) using a 200KeV Topcon 002B with LaB6 filament [11, 22, 23]. Figure 5.1 (a) 

and (b) shows the interface of non-polar ZnO film with r-sapphire and selected area 

diffraction (SAED) pattern from the film and the substrate, respectively. Figure 5.2 (a) 

and (b) shows the interface and SAED pattern from a non-polar Mg0.30Zn0.70O films, 



 72

respectively. The c-axis of the films that lies in the growth plane is pointing normal to the 

plane of figures 5.1 (a) and 5.2 (a).  

HRTEM images show that the interface of both ZnO and Mg0.30Zn0.70O films with 

the r-sapphire substrate is abrupt and semi-coherent. The films are strained along the 

[ 0011 ] direction near the interface and the strain relaxes away from the interface. Strain 

relaxation in the thin film leads to interface misfit dislocations. The misfit dislocations of 

the ZnO film are found to be equally spaced with average spacing of ~3nm and restricted 

to the film-substrate interface extending towards the c-axis. When the misfit dislocation 

is formed at the film substrate interface by glide on a crystallographic plane, such as 

( 0011 ) plane in case of a-plane ZnO on r-sapphire, it does so by drawing elastic energy 

from background mismatch strain field. Thus resulting is partial relaxation of mismatch 

strain in the vicinity of the misfit dislocation. However, at certain distance from the 

dislocation line, the mismatch strain remains un-relaxed based on the initial mismatch 

with the substrate. In such a case, the misfit dislocations are equally spaced along the film 

substrate interface. The spacing of such misfit dislocations is dependent on the energy of 

the mismatch strain field [87]. In case of a-plane ZnO on r-sapphire substrate, since the 

mismatch along in-plane m-axis [ 0011 ] is 18.3% which is much higher than the 

mismatch along c-axis [0001] (1.53%), the dislocation line lies in the m-plane along the 

c-axis direction in an attempt to relax the larger mismatch.    

In case of a-plane MgxZn1-xO films, the mismatch strain field is different 

compared to ZnO and dependent upon Mg composition in the films. So, the average 

spacing of the misfit dislocations at the interface would also be Mg composition 

dependent.  
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Figure 5.1 (a) and (b) show the interface of non-polar ZnO film with r-sapphire and 

selected area diffraction (SAED) pattern from the film and the substrate, 

respectively [22, 23]. 
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Figure 5.2 (a) and (b), show the interface and SAED pattern from a non-polar 

Mg0.30Zn0.70O films, respectively [11, 23]. 

 

 

 

 

 

 

 

 

 

 

 



 75

From the HRTEM image in figure 5.2 (a) it is observed that the d-spacing along 

[ 0011 ] for the Mg0.30Zn0.70O film away from the interface is found to be ~0.282nm, 

resulting in a-lattice parameter of  ~0.3255nm for the Mg0.30Zn0.70O films, indicating 

partially relaxed films. The SAED patterns show sharp diffraction spots from the ZnO 

and Mg0.30Zn0.70O films as well as the r-sapphire substrate, indicating good overall 

crystallinity of the films. It can be observed that the diffraction spots of the films do not 

overlap with the diffraction spots of the r-sapphire substrate, indicating partial relaxation 

in the films as observed in HRTEM images. The diffraction spots further confirm that the 

epitaxial relationship between the film and the r-sapphire substrate is retained for 

Mg0.30Zn0.70O films as: 

Mg0.30Zn0.70O ( 0211 ) || Al2O3 ( 2101 ), 

and, Mg0.30Zn0.70O [ 0001 ] || Al2O3 ( 1110 ). 

 

Influence of Interface Misfit Dislocations 

Interface misfit dislocations may also affect the surface and interface morphology 

in a-plane ZnO and MgxZn1-xO films. We have already observed surface fluctuations in a-

plane ZnO and MgxZn1-xO thin films grown on r-sapphire substrates in figure 3.5 (a) and 

(b). Earlier, fluctuations in the surface shape of partially relaxed thin films have been 

correlated to the presence of interface misfit dislocations [87].  Figure 5.3 shows (a) 

schematic of periodic misfit dislocations at the epitaxial thin fim – substrate interface, (b) 

Lattice schematic of the a-plane ZnO/r-sapphire interface with misfit dislocations. Misfit 

dislocations are produced as a consequence of strain relaxation in lattice mismatched thin 

films.  
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Figure 5.3 shows (a) schematic of misfit dislocations at the epitaxial thin fim – 

substrate interface, (b) Lattice schematic of the a-plane ZnO/r-sapphire interface 

with misfit dislocations [87]. 
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The site of misfit dislocation would be expected to have lower mismatch 

compared to rest of the film, thus subsequent nucleation on the growth surface would 

occur at sites with misfit dislocations. This results in anisotropic nucleation and mass 

transport on the growth surface leading to surface fluctuations η(x). As observed in figure 

5.1, the interface misfit dislocations produced at the ZnO/ r-sapphire interface is periodic 

with P = ~3nm. Furthermore, since the misfit dislocations propagate along the c-axis 

[0001] of a-plane ZnO, the resulting surface fluctuations would occur perpendicular and 

propagate in the direction of crystallographic c-axis [0001] of a-plane ZnO, resulting in 

anisotropic surface morphology. This could possibly explain the surface morphology of 

the a-plane films observed in FESEM images. In subsequent section we investigate the 

surface morphology anisotropy in a-plane ZnO and MgxZn1-xO films. 

 

5.2 SURFACE PROPERTIES 

 In order to study and control the surface morphology of the a-plane films our 

group at Rutgers University collaborated with Prof. Ulrike Diebold’s research group at 

the Department of Physics, Tulane University, New Orleans, LA 70118. Surface 

characterizations were done using Scanning Tunneling Microscopy (STM) [23]. Surface 

morphology and structure was also studied using Atomic Force Microscopy (AFM) and 

Low Energy Electron Diffraction (LEED).  

 

5.2.1 MORPHOLOGY ANISOTROPY 

STM is a powerful technique for analyzing surface morphology and structure 

even at atomic levels. STM works on the principle of quantum tunneling of electrons 
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through the between a conductive tip probe and a metallic or semiconducting surface. 

The variations in the current as the probe passes over different surfaces are used for 

imaging. Though STM can reveal detailed information about surface morphology and 

structure, it is challenging technique because it requires very sharp probe tips, and 

conducting and extremely clean sample surfaces [88]. Thus before STM imaging the 

sample surface is usually cleaned to remove surface contaminants.  

In this work STM imaging is done in an UHV system with a base pressure of less 

then 1 x 10-10 mbar. The system is also equipped with experimental facilities for low-

energy electron diffraction (LEED) and Auger electron spectroscopy (AES). All STM 

data were collected at room temperature in the constant current mode with positive 

sample bias voltage between 1.9 and 2.5V and with tunneling currents of 0.3 – 2.3nA. X-

ray photoelectron spectroscopy (XPS) experiments were performed using a non-

chromatized x-ray source (Al Kα, hν = 1486.6eV) and a hemispherical analyzer in a 

separate UHV chamber equipped with XPS and LEED to characterize the surface 

contaminants. The photon incidence angle was 57.5° and the photoelectrons were 

collected normal to the surface. XPS and AES measurements on the samples without any 

in-situ treatment confirmed the surface composition and cleanliness with carbon as the 

only surface contaminant. Surface cleaning was required to remove the carbon 

contamination and to obtain high quality STM images of the surface. Two different 

cleaning procedures were used and compared to ensure that the cleaning process does not 

modify the surface. In the first method, the samples were annealed in an oxygen 

background pressure of 1 x 10-6 mbar at ~500°C for 10-15 min, giving well-defined (1x1) 

patterns showing a good long-range periodic order on the surface. In the second method, 
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the samples were sputtered using 1-3 keV Ar+ ions at current of ~1µA for 5 - 10min (pAr 

= 10-5 to 10-6 mbar) followed by UHV annealing at ~500 - 600°C.  

The annealing temperature during cleaning was maintained similar to film growth 

temperature, to avoid any surface modification. The overall surface morphology of 

oxygen-annealed films was found to be similar to those of the sputtered/UHV-annealed 

films. Both cleaning procedures were adequate to remove any contamination detectable 

in XPS and AES. The large-scale STM images presented in Figure 5.4 (a) and (b) shows 

STM images taken at 2000nm x 2000nm and 50nm x 50nm scale of a-plane ZnO film 

surface, respectively. The figures show a characteristic ripple-like surface morphology 

with needle-like features, typically 150 - 400nm wide, 10 – 40nm high and 1500 – 

3000nm long. The needles run predominantly along the crystallographic c-direction. The 

smaller-scale (50nm x 50nm) STM images shown in Figure 5.4(b) reveal surfaces with 

many small terraces (15 – 30nm wide and 20 – 40nm long) terminated by mono-atomic 

step edges. The a-plane ZnO film exhibited significant surface roughness anisotropy 

(ripples), with long narrow and elongated terraces parallel to the c-axis. The ripples had a 

symmetrical stacking on both sides. The ripple-like morphology, initially seemed to be 

similar to the one observed for the heteroepitaxial growth of SiGe/Si(001) [40, 41, 89-

91], and even for Si/Si(001) [89-91] homoepitaxy. Step bunching observed in Si/Ge 

superlattices has also been major cause of anisotropic surface morphology. Step bunching 

has one-fold symmetry with surface waviness occurring in a specific direction, with the 

orthogonal in-plane direction being smooth. Step bunching occurs due to substrate mono-

atomic steps causing strain in the grown films. The anisotropic surface is an attempt to 

release this strain by step bunching.  
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Figure 5.4 (a) and (b) shows STM images of the film surface taken at 2000nm x 

2000nm and 50nm x 50nm scale, respectively. The arrow shows the direction of c-

axis. 

 

 

 

 

0nm 

0.7nm 
0nm 

10nm 



 81

The lateral correlation length of the film surface morphology in such case is 

related to the average distance of the step edges on the substrate surface [41]. However, 

in the case of ZnO, small-scale atomically resolved STM images with higher resolution 

as shown in figure 5.5, do not show step bunching, and show high surface ordering of 

atoms. Furthermore, as observed from the STM images (figure 5.4) the lateral correlation 

distance does not match with the distance of step edges on the r-sapphire substrate. 

Nevertheless even though step bunching may not be primary cause of the observed 

anisotropic surface morphology, the orientation of the step edges can decide the 

orientation of the observed ripples. Local strain fields due to step edges can cause such an 

effect, because this process will be energetically less costing as compared to random 

formation of surface morphology.  

The surface structure and morphology a-plane MgxZn1-xO (x = 0.15) films were 

studied using STM in UHV for comparison. The a-plane Mg0.15Zn0.85O films were grown 

under similar conditions of deposition temperature and gas flows using MOCVD. 

XPS measurements on the a-plane Mg0.15Zn0.85O films also indicated that carbon 

was the only detectable surface contaminant. Thus the films were cleaned using similar 

cleaning process described for a-plane ZnO films. XPS measurements did not show any 

Mg segregation in the as-grown or in oxygen-annealed films and the sputtered/UHV-

annealed films. Figure 5.6 (a) and (b) shows STM images of a-plane Mg0.15Zn0.85O film 

at 2000nm x 2000nm and 50nm x 50nm scale, respectively. While the measured overall 

surface roughness of the Mg0.15Zn0.85O film shown in figure 5.6 was somewhat higher, 

this is not considered significant, as STM probes only relatively small patches of the 

sample. 
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Figure 5.5 shows atomically resolved (20nm x 20nm) STM image of the non-polar 

ZnO film surface, respectively. 
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Figure 5.6 (a) and (b) shows STM images of the a-plane Mg0.15Zn0.85O film surface 

taken at 2000nm x 2000nm and 50nm x 50nm scale, respectively. The arrow 

indicates the direction of in-plane c-axis. 
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LEED measurements that average over a larger fraction of surface (~1mm2) 

showed qualitatively similar roughness of the two surfaces. 

The surface terraces with mono-atomic step edges on a-plane Mg0.15Zn0.85O films 

observed in smaller-scale (50nm x 50nm) STM images are sharper and better defined as 

compared to that of respective a-plane ZnO films. High resolution atomically resolved 

STM images could not be taken on Mg0.15Zn0.85O films due to lower conductivity of the 

films. The film conductivity further reduced with increase in Mg composition making it 

difficult to obtain STM images of higher Mg composition a-plane MgxZn1-xO films.  

 

Variation of morphology with film composition and thickness: 

In order to analyze the surface structure and morphology of higher Mg 

composition a-plane MgxZn1-xO films, LEED and AFM was used. For comparison, Mg 

composition difference in the films was achieved by only changing the Zn/Mg 

metalorganic flow ratio, while keeping the same deposition temperature and, Ar and O2 

flow. Since, LEED involves low energy electrons it is extremely surface sensitive and 

thus requires highly ordered surfaces to be measured in UHV. LEED works on the theory 

of multiple scattering of electrons in contrast with single scattering kinematic theory used 

for x-ray diffraction. Thus the LEED pattern is a two-dimensional reciprocal lattice of the 

ordered surface projected onto a two-dimensional real space plane [92]. Using the 

kinematic theory of diffraction the surface ordering and symmetry of atoms can be 

determined using LEED. AFM uses a micro-cantilever with a sharp tip to scan the 

surface of a sample. Although resolution obtained for STM is much higher compared to 

AFM because of exponential dependence of the tunneling current to the distance from the 
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sample, AFM can be used to scan larger surface area [88]. When the tip is brought close 

to the surface of the sample, the force between the tip and surface causes a deflection in 

the cantilever, providing information of the sample surface. AFM does not involve 

tunneling current unlike STM and can be used for insulating samples [93].  

Figure 5.7 shows LEED pattern for varying Mg composition to analyze the 

surface ordering and crystallinity of a-plane MgxZn1-xO films, with variation in Mg 

composition. It is observed that the diffraction spots are sharper with increase in Mg 

composition. This implies an improvement in the surface ordering and symmetry with 

increase in Mg composition. It is also observed that the diffraction spots are rounder 

compared to elliptical shape as observed for a-plane ZnO films, possibly due to 

difference in strain distribution in the films with an increase in the Mg composition. 

To better understand the effect of strain and growth kinetics, AFM measurements 

are carried on the a-plane MgxZn1-xO films to measure the root mean square (rms) surface 

roughness (ripples) with variation in ZnO film thickness (d) and Mg composition (x) in 

MgxZn1-xO. The rms surface roughness is measured perpendicular to the direction of the 

surface needles shown in figure 5.4 (a) and figure 5.6 (a).  

Figure 5.8 (a) shows a log-log plot of rms roughness of a-plane ZnO films with 

film thickness. It is observed that the rms roughness increases drastically with increase in 

‘d’ from ~20nm to ~100nm (Region 1) thickness, the roughness increase is more gradual 

for ~100nm < d < ~1000nm (Region 2). For d > 1000nm (Region 3), the rms roughness 

of the films does not change significantly. The observed behavior in the plot of rms 

roughness versus thickness can be associated with anisotropic mass transport. 

Anisotropic mass transport can be strain assisted or structure motivated anisotropy in 
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surface diffusion. Since, the a-plane surfaces of ZnO are terminated with rows of Zn - O 

dimers, running parallel to the c-axis. These dimer rows represent a template for 

anisotropic surface diffusion [23, 36, 37]. Anisotropic strain on the other hand causes 

anisotropic energy barrier to surface diffusion of atoms [87]. Hur et. al. have shown 

relationship of surface roughness (σ) with deposition time (t) for ZnO films sputtered on 

c-sapphire substrates, based on kinetics of roughening. 

 σ ~ (t)β        (5.1) 

Based on strain-relaxation in the films, the rms roughness of the films was studied 

and highest roughness was observed for a completely relaxed film [94]. The deposition 

time (t) can be directly co-related to film thickness (d) [87, 94]. For a layer-by-layer 

growth mechanism, structure associated surface diffusion and strain contribute to the 

final morphology and roughness of the films with film thickness (d). Strain assisted 

energy barrier to surface diffusion is usually larger as compared to structure assisted [87]. 

In region 1 where the film thickness is small, surface diffusion is primarily strain 

dominated. Anisotropic in-plane strain as observed in chapter 4 cause anisotropic surface 

diffusion of atoms leading to formation of ripples as shown in figure 5.4 (a). These 

ripples increase in height, while not increasing much in width with film thickness, thus 

increasing the overall rms roughness. For region 2, ~100nm < d < ~1000nm, the film is 

somewhat relaxed due to misfit dislocations. Thus the slope of increase in rms roughness 

is smaller. In Region 3 (‘d’ > 1000nm), the strain in the films is almost relaxed, structure 

assisted anisotropic mass transport is primary mechanism of surface diffusion, leading to 

very small increase in roughness with film thickness (d). Figure 5.8 (b) shows a plot of 

rms roughness of a-plane MgxZn1-xO films with Mg composition.  



 87

 

 

 

Figure 5.7 shows LEED pattern for varying Mg composition to analyze the surface 

ordering and crystallinity of a-plane MgxZn1-xO films, with variation in Mg 

composition. 

 

 

 

 

 

 

 

 

 



 88

 

Figure 5.8 (a) shows a log-log plot of rms roughness of a-plane ZnO films with film 

thickness, (b) shows a plot of rms roughness of a-plane MgxZn1-xO films with Mg 

composition. 

 

 

 

 

 Fitted 
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It is evident that the rms roughness is lowered with increase in the Mg 

composition (x), as also evident from sharper LEED spots in figure 5.7, indicating better 

surface ordering and symmetry. A linear fit of the rms roughness (σ) with Mg 

composition (x) shows: 

 σ (MgxZn1-xO) = σ (ZnO) – 0.265(x%)  (5.2) 

The lowering of the surface roughness could be associated with the difference in 

growth kinetics and larger strain distribution with Mg composition (reference chapter 4). 

The change in lattice parameters with Mg composition (x) (‘a’ lattice parameter increases 

while the ‘c’ lattice parameter decreases) also results in overall structure change leading 

to lower growth rate anisotropy compared to pure ZnO films [9, 13]. The growth kinetics 

also changes with Mg composition (x) due to lower vapor pressure and lower surface 

diffusion of heavier metalorganic Mg (MCP2Mg) as compared to Zn (DEZn). 

Thus several reasons could be invoked for the observed surface anisotropy in a-

plane MgxZn1-xO films, including 1) higher growth rate along [0001] [24]; 2) increased 

bulk-diffusion along the dislocations; 3) Anisotropic residual strain; 4) high step edge 

energy [37, 38] for polar step edges (at the narrow end of the terraces), 5) substrate 

miscut etc. 

 

5.2.2 EFFECT OF SUBSTRATE MISCUT 

 Substrate miscut is another critical issue that shows a rich influence on surface 

morphology. Substrate miscut is defined as misorientation in the surface of single 

crystals. Miscut may be unintentional result of wafer cutting from a single boule, or due 

to surface polishing of the wafer. Miscut may also be intentional to create vicinal surfaces 
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with specific well-ordered crystalline step-terrace distribution. Figure 5.9 shows a 

schematic of the substrate miscut, including the miscut angle (δ) and direction of the 

miscut. Surface miscut is very important for specific device properties, such as to obtain 

anisotropic optical and acoustic properties with specific polarization and propagation 

properties the surfaces need to be cut and polished within a few arc seconds [95]. Surface 

miscut of a substrate also has significant impact on the thin film properties in case of 

homo-epitaxial and hetero-epitaxial film growth. Substrate miscut affects the strain 

distribution and surface diffusion during the epitaxial growth of epitaxial films, thus 

affecting the overall surface morphology. There have been several reports on miscut 

measurement of substrates using x-ray rocking curves [95], x-ray reflectivity 

measurements [40] and surface measurement techniques such as atomic force microscopy 

[41] and STM [42]. Since, miscut is on the substrate surface; precise miscut measurement 

requires coupled optical system that keeps a track of the surface tilt and rotation with a 

diffraction system to align the correct crystallographic orientation.  

To measure the miscut of the r-sapphire substrates a Rigaku 4-circle x-ray 

diffractometer system is used. This system is coupled with a laser beam reflecting off the 

substrate surface. The substrate is mounted on a goniometer head. Figure 5.10 shows a 

schematic XRD four-circle configuration setup used for substrate miscut measurement, 

the figure also shows rotational degrees of freedom of the substrate with respect to the x-

ray source and detector. Corrections for initial tilt in mounting is achieved by ensuring 

that substrate reflecting plane normal is bisecting the incident and reflected x-rays. To 

achieve this, the sample is rotated about the ϕ-axis and an average of θ-values satisfying 

diffraction condition is calculated for different ϕ angles. 
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Figure 5.9: Shows a schematic of the substrate miscut, including the miscut angle (δ) 

and direction of the miscut 

 

  

Figure 5.10: Shows a schematic XRD four-circle configuration setup used for 

substrate miscut measurement, the figure also shows rotational degrees of freedom 

of the substrate with respect to the x-ray source and detector. 
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The θ-axis is then moved to this average value and then set to half of the 2θ for 

the diffraction condition. Once, the mounting tilt is corrected, the Bragg planes of the 

substrate is then aligned my correcting the ω-axis on the goniometer head for different ϕ-

angles varying from 0° to 360° to ensure that the diffracted beam intensity does not 

change with substrate rotation about ϕ-axis. The trajectory followed by the laser beam 

reflected-off the sample surface during rotation about ϕ-axis in this setup gives a measure 

of the substrate miscut. The absolute miscut of the substrate is related to the orthogonal 

miscut components δ1,2 and δ3,4, according to equation:  [95] 

 (tan δsub)2 = (tan δ1,2)2 + (tan δ3,4)2  (5.3) 

Here, δ1,2 correspond to miscut component (average difference in x-ray peak 

position about ω-axis) for ϕ-rotation of 0° and 180°, while δ3,4 correspond to substrate 

miscut component for ϕ-rotation of 90° and 270°. Figure 5.11 shows the polar plots of a) 

R-1, b) R-2 and c) R-3, showing the direction of the miscut. The degree of miscut 

measured for R-1, R-2 and R-3 are listed in Table 5.1. 

The effect of r-sapphire substrate miscut on the surface morphology anisotropy is 

studied using STM images taken in UHV. The a-plane ZnO films are deposited on three 

different miscut r-sapphire substrates (labeled as R-1, R-2 and R-3) under identical 

MOCVD growth conditions. The surface cleaning procedure to remove surface carbon 

contamination before STM imaging is identical for films on R-1, R-2 and R-3 (as 

discussed earlier in section 5.2). Low energy electron diffraction (LEED) and XRD is 

used to determine the direction of in-plane c-axis of a-plane ZnO films.  
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Figure 5.11 shows the polar plots of a) R-1, b) R-2 and c) R-3, showing the direction 

of the miscut.  

(a) R-1 

(b) R-2 

(c) R-3 
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Table 5.1: The degree of miscut measured for R-1, R-2 and R-3 

Substrate δ1,2 (°) δ3,4 (°) δsub (°) Miscut direction (counter-clockwise 

from in-plane projection of [0006]) 

R – 1 0.04 0.18 0.186 97°  

R – 2 0.386 0.068 0.392 306° 

R – 3 1.93 0.07 1.931 358° 

  

. Figure 5.12 (a), (b) and (c) shows STM images for a-plane ZnO films at 

500nm×500nm resolution, deposited on R-1, R-2 and R-3 respectively. The inset in each 

figure shows the roughness measured along and perpendicular to in-plane c-axis. The c-

axis directions as characterized by LEED, is indicated in the figures with a blue arrow. 

The surface morphology of the films is similar to that observed in figure 5.4 with ripples 

elongated along one direction and flattened along the orthogonal direction. The horizontal 

co-relation length of the ripples is similar for all samples, with periodicity of ~100nm. 

However the depth and the direction of observed ripples is found to be strongly 

dependent the degree and direction of r-sapphire substrate miscut. The rms roughness 

measured along the c-axis (blue line, denoted as rms||) does not change much from R – 1 

to R – 3. However the rms roughness measured perpendicular to c-axis (along red line, 

denoted as rms⊥) shows significant variation with r-sapphire substrate. It is observed that 

rms⊥ decreases from ~4.4nm to ~1.4nm from R – 1 (δ = 0.186°) to R – 3 (δ = 1.931°), 

with rms⊥ for R – 2 (δ = 0.392°) being 1.7nm.  The direction of in-plane c-axis of ZnO 

measured using both LEED and x-ray diffraction techniques are found to be consistent.  
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Figure 5.12: (a), (b) and (c) shows STM images for a-plane ZnO films at 

500nm×500nm resolution, deposited on R-1, R-2 and R-3 respectively. The inset 

shows the roughness measured along (blue line) and perpendicular (red line) to in-

plane c-axis.  

 

C 

(a) R – 1 

(b) R – 2 

(c) R – 3 
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As observed from STM images, the direction of miscut is known by the direction 

of the step edges. The step edges are formed perpendicular to the direction of miscut in 

the r-sapphire substrate [96]. From XRD and STM, it is observed that the angle between 

the in-plane c-axis of ZnO films with respect to the miscut direction is same as angle 

between in-plane projection of r-sapphire c-axis and the miscut direction.  

Difference in the degree and direction of miscut in sapphire substrate affects the 

growth kinetics and misfit strain in ZnO films. Siah et. al. have shown that a miscut in c-

sapphire substrate causes anisotropic strain in the grown c-axis ZnO films [97]. Strain 

anisotropy (∆ε) was found to be related to the thermal expansion coefficient (α) and 

degree of miscut (δ) according to: 

 ∆ε = (αc – αa) ∆T Sin2δ  (5.4) 

Where, αc and αa, are the thermal expansion coefficients of sapphire along ‘c’ and 

‘a’ axis respectively. ∆T is the difference in difference in the film growth temperature and 

the room temperature.  

The step edges caused due to substrate miscut running perpendicular to the miscut 

direction provide lower energy barrier for nucleation and film growth. The depth of the 

step edges dependent on the degree of miscut play a key role in the final morphology and 

rms roughness of the a-plane films. An increase in sapphire miscut angle corresponds to 

an increase in the strain in the films, thus resulting in lower rms⊥ observed for R – 1 to R 

– 3. The direction of miscut with respect to the in-plane projection of r-sapphire c-axis 

determines the direction of the ripples because of epitaxial relationship between a-plane 

ZnO and r-sapphire, wherein [0001] ZnO || [0001] Al2O3 [22, 23]. The roughness of the 

starting substrate (r-sapphire) can also influence the overall morphology of the thin films. 
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However, in this case the rms roughness of the r-sapphire substrates obtained from the 

commercial vendor is ~0.13nm, which is small compared to the observed rms roughness 

of the a-plane ZnO films, thus it can be neglected. 

 

5.2.3 EFFECT OF GROWTH TEMPERATURE 

 Another key issue that significantly affects the surface morphology (ripples) is the 

MOCVD growth temperature. An increase in deposition temperature generally increases 

the surface roughness and crystallite size of thin films, and results in lowering of ω-

rocking curve FWHM indicating improved crystallinity [98, 99]. This section of the 

chapter discusses the effect of growth temperature on the morphology in a-plane ZnO 

films. All the samples for this study are deposited under identical gas flow conditions and 

on identical miscut r-sapphire substrates (R – 2). The sample thickness was maintained to 

be ~500nm. The deposition temperature during the MOCVD growth is varied from 

~300°C to 580°C to obtain different samples. The surface morphology of all the samples 

is studied using STM in UHV. Except for samples deposited at 300°C, all other samples 

show similar rippled surface morphology as observed in figure 5.4 (a). Sample deposited 

at 300°C shows very smooth surface morphology lacking ripples.  

Figure 5.13 shows a plot of the rms surface roughness variation of a-plane ZnO 

films with growth temperature. As in the previous section, the roughness is measured 

perpendicular to in-plane c-axis direction (rms⊥). It is observed that the rms roughness of 

the films initially increase with an increase in deposition temperature from ~0.9nm for 

300°C to ~5.6nm for 460°C, and then decreases with further increase in temperature to 

~1nm for 580°C. 
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Figure 5.13: Shows a plot of the rms surface roughness variation of the a-plane ZnO 

films with growth temperature. 

 

 

 

 

 

 

 

 

 

 

 

 

Fitted 
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Roughness versus deposition temperature is fitted using a Gaussian curve as 

shown in figure 5.13. The fitted curve shows roughness peaking of ~6.02nm at ~443°C. 

The simulated roughness decreases for increase in temperature above ~443°C.  

The observed behavior can be explained based on change in the growth mode 

from cluster growth to a layer-by-layer growth mode with increase in temperature. The 

change in film crystallinity observed by XRD FWHM in chapter 3 confirms this analysis. 

At low deposition temperatures, the surface nuclei do not have enough energy for surface 

diffusion leading to formation of clusters [87]. Thus the lack of ripples on 300°C 

deposited samples. As the deposition temperature increases the rms roughness increases 

due to enhanced surface diffusion and also an increase in crystallite size, with samples 

showing similar rippled surface morphology with periodicity of ~100nm observed in 

figure 5.4. Increase in deposition temperature improves surface diffusion and thus the 

film crystallinity (reference figure 3.7, chapter 3). Temperature increase in range ~400°C 

< T < ~443°C is would be a mixed growth mode between clustered and layer-by-layer. 

Since, x-ray peak starts appearing at ~400°C. Such samples still have poor crystallinity 

(reference figure 3.7 in chapter 3. Further increase in deposition temperature corresponds 

to purely layer-by-layer growth mode. Decrease in roughness in this range corresponds to 

competing process of misfit strain versus surface diffusion, leading to lowering of the 

roughness. As observed earlier in figure 5.8 (b) that strained films have lower roughness 

compared to relaxed films. High deposition temperature corresponds to better crystalline 

films with low density of defects and higher strain components.     
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Summary: 

In this chapter the surface and interface properties of a-plane MgxZn1-xO films 

deposited on r-sapphire substrates was characterized and the surface morphology was 

analyzed with respect to film thickness and Mg composition. The effect of substrate 

miscut and MOCVD deposition temperature on surface morphology was analyzed. The 

interface was observed to be sharp and semi-coherent. The periodic misfit dislocations 

observed at the substrate-film interface could lead to fluctuations in surface morphology.  

The surface of the a-plane films was observed to have anisotropic morphology with 

ripples elongated along one direction and flattened along the orthogonal in-plane 

direction. The roughness of the films was observed to increase with films thickness and 

decrease linearly with Mg composition following: σ (MgxZn1-xO) = σ (ZnO) – 0.265(x%). 

Increase in substrate miscut from 0.186° to 1.931° decrease the roughness from ~4.4nm 

to ~1.4nm. The direction of miscut in r-sapphire is observed to govern both the roughness 

as well as the direction of surface ripples. A Gaussian fit is observed for roughness versus 

deposition temperature. The change in roughness is due to the change in the growth mode 

of the films from cluster to layer-by-layer growth with increase in temperature.  
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CHAPTER 6: OPTICAL AND ELECTRICAL PROPERTIES 

Optical anisotropy in semiconductor thin films have been used for high-contrast 

and high-speed modulation of normal incident light [2]. These techniques rely upon 

manipulation of polarization rotation and phase retardation of linearly polarized light 

associated with a processing or growth-induced lowering of symmetry [100, 101]. 

Optical data from bulk ZnO indicates that such films, if single crystal, would possess a 

strong optical anisotropy at near band gap photon energies around the lowest exciton 

resonances primarily due to the different selection rules for light polarized parallel and 

perpendicular to the in-plane c-axis [102]. The in-plane optical anisotropy of ZnO films 

grown on r-sapphire has been studied, and the anisotropic absorption near the 

fundamental band edge of ZnO has been used to realize a high contrast, ultrafast optically 

addressed ZnO UV modulator [2]. In-plane electrical anisotropy is also interesting for 

development of novel devices. In this chapter we characterize and study the optical and 

electrical anisotropy in a-plane ZnO and MgxZn1-xO films deposited on r-sapphire 

substrates. We also do a feasibility study on a-plane ZnO thin film transistors showing 

anisotropic device characteristics in the two in-plane directions.   

 

6.1 OPTICAL ANISOTROPY 

 The a-plane ZnO and Mg0.12Zn0.88O thin films are deposited on r-sapphire 

substrates using MOCVD. The growth conditions and the film thickness (~520nm) of the 

samples are maintained to be similar for comparison. Mg composition was adjusted by 

changing the Zn/Mg metalorganic gas-flow ratio. Optical anisotropy in the films is 

studied using room temperature polarized transmission spectra. A synchronous testing 
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configuration with a lock-in amplifier and a low-noise transimpedance preamplifier was 

used to measure the polarized transmission spectra.   

 Figure 6.1 (a), shows the transmission spectrum of a-plane ZnO films, with light 

polarization parallel and perpendicular to the in-plane c-axis, respectively. The 

transmission curve of E ⊥ c shows similar shape but a redshift compared with that of E || 

c. The bandgap energy Eg (E || c-axis) is observed to be ~3.339eV, and Eg (E ⊥ c-axis) is 

~3.325eV, with the difference in the energies being ~14.34meV. This phenomenon can 

be explained by the different selection rules for A, B and C bands in the valence band 

structure as well as the presence of in-plane anisotropic strain (discussed in chapter 2). 

The transition between A (B) valence band and the conduction band is mainly allowed 

for the E ⊥ c, while transition between C valence band and the conduction band is mainly 

allowed for E || c.  

 In comparison with those of ZnO, the cutoff wavelengths of Mg0.12Zn0.88O film 

for E ⊥ c and E || c shift to shorter wavelengths, where E is the electric field component 

of the incident light as seen in figure 6.1 (b). The corresponding bandgap energies for 

parallel and perpendicular electric field polarization are Eg (E || c-axis) ~ 3.4382eV and 

Eg (E ⊥ c-axis) ~ 3.428eV. The parallel polarization is again observed to be larger than 

the perpendicular component by ~9.816meV. The difference between the parallel and 

perpendicular polarization bandgap is lower in case of Mg0.12Zn0.88O as compared to a-

plane ZnO films indicating a reduction of overall anisotropy with MgO alloying of ZnO. 

This is expected due to lattice distortion with Mg alloying, as MgO is cubic rocksalt 

structure while ZnO is wurtzite structure.  
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Figure 6.1: Shows the transmission spectrum of a-plane (a) ZnO and (b) 

Mg0.12Zn0.88O films with light polarization parallel and perpendicular to the c-axis, 

respectively. 

 

 

(a) 

(b) 
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 Alloying of ZnO with MgO reduces the c/a ratio from ideal hexagonal structure 

thus reducing the overall structural anisotropy (reference chapter 4). It has been also 

observed that the in-plane optical anisotropy dramatically decreases or disappears in 

textured MgxZn1-xO films i.e. films grown without a ZnO buffer.  

 

6.2 ELECTRICAL ANISOTROPY 

The availability of anisotropic transport properties can be advantageous or 

detrimental depending on device structure and application. It can be used to optimize the 

performance of devices such as Schottky contacts or p-n junction diodes, which exhibit a 

predominantly a one-dimensional current flow by choosing appropriate in-plane crystal 

orientation. Further development and understanding of such applications require better 

understanding of the anisotropy in the electrical properties. In this section we investigate 

the Hall mobility anisotropy in a-plane MgxZn1-xO films with Mg composition. 

The a-plane MgxZn1-xO thin film samples are deposited on r-sapphire substrates 

by MOCVD. MOCVD growth conditions and film thickness of the samples (~520nm) 

are maintained constant for comparison. Composition variation in the samples is achieved 

by varying the Zn/Mg metalorganic gas-flow ratio. In-plane anisotropy in Hall mobility 

of the samples is characterized using Hall bar patterns on the samples. This work was 

done in collaboration with Dr. D. C. Look at Wright State University, Ohio. 

Figure 6.2, shows Hall mobility measurement (a) for a-plane Mg0.08Zn0.92O films 

grown on r-sapphire substrates with magnetic field and (b) for a-plane MgxZn1-xO films 

with Mg composition at magnetic field of 2000G.  
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Figure 6.2: Shows Hall mobility measurement (a) for a-plane Mg0.08Zn0.92O films 

grown on r-sapphire substrates with magnetic field and (b) for a-plane MgxZn1-xO 

films with Mg composition at magnetic field of 2000G 

 

 

 

(a) 

(b) 
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/H Hµ µ⊥

It is observed that the Hall mobility in the films is anisotropic in-plane along the 

c-axis [0001] and perpendicular to c-axis (along m-axis [1100 ]). The mobility 

perpendicular to c-axis is larger than the mobility parallel to c-axis. Earlier, Matsui et. al. 

observed in-plane anisotropic transport properties in homoepitaxial non-polar (1010 ) 

ZnO films [103]. It was observed that the Hall mobility along the in-plane c-axis [0001] 

was larger than the in-plane a-axis [1120 ]. Anisotropy in mobility was attributed to the 

observed anisotropic surface morphology with needles running parallel to the in-plane c-

axis. Temperature dependent mobility measurements indicated that phonon and other 

scattering mechanisms pre-dominated the band conduction. Higher mobility along the c-

axis was attributed to lower scattering cross-section compared to in-plane a-axis. In our 

case however we observe higher mobility along the in-plane m-axis (analogous to a-axis 

in case of (1010 ) ZnO films) as compared to in-plane c-axis. Although we observe 

similar surface morphology anisotropy in a-plane ZnO and MgxZn1-xO films (reference 

chapter 5), in our case it seems that band conduction dominates. Since, the bandgap 

perpendicular to in-plane c-axis (along m-axis) is smaller than that parallel to c-axis 

(reference figure 6.1), the mobility is expected to be larger along m-axis. Higher 

dislocations density and in-plane strain along the c-axis (reference chapter 4 and chapter 

5) compared to in-plane m-axis could also justify higher mobility observed along the m-

axis. Strain would play an important role in this case due to large lattice mismatch with 

the r-sapphire substrate as compared to homoepitaxial films characterized by Matsui et. 

al.. It is observed that an increase in Mg composition in the a-plane MgxZn1-xO films 

reduces the mobility anisotropy. The ratio ( ) decreases from ~4.23 for 

Mg0.08Zn0.92O to ~1.61 for Mg0.25Zn0.75O. This could be due to different in-plane strain 
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distribution and lowering of bandgap anisotropy with Mg incorporation (reference figure 

6.1).  

 

6.3 ZnO TFT – A FEASIBILITY STUDY 

One of the simplest and most efficient ways to study anisotropic transport 

characteristics is via the fabrication of thin film transistors (TFT). In this section we 

discuss results on a normally ON – depletion type ZnO based thin film transistor. The key 

features of a good depletion type device includes high mobility and low carrier 

concentration. The dependence of mobility and carrier concentration in the thin films is 

studied with film deposition temperature and oxygen partial pressure.  

Figure 6.3 (a) and (b) show the variation of average mobility and carrier 

concentration in a-plane ZnO films with deposition temperature and oxygen partial 

pressure in MOCVD, respectively. All the films are grown on r-sapphire substrates with a 

film thickness ranging from 70 - 90nm. Hall mobility and carrier concentration in the 

films is monitored using Van der Pauw method. It is observed that an increase in 

deposition temperature improves the Hall mobility and also the carrier concentration in 

the films. An increase in the oxygen partial pressure during the growth is observed to 

reduce the carrier concentration for the entire temperature range. Oxygen partial pressure 

also significantly affects the mobility. An increase in oxygen flow is observed to increase 

the mobility for films deposited at low temperatures, however for films deposited at high 

temperatures the mobility is reduced. For all the samples the carrier concentration is 

observed to be larger than 1017cm-3. One of the reasons for high carrier concentrations 

observed could be n-type defects at the ZnO/ r-sapphire interface. Al diffusion across the 
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ZnO/ r-sapphire interface into ZnO would also increase the carrier concentration, since 

Al is shallow n-type donor in ZnO [104]. Al diffusion into ZnO to form of Al2O3-ZnO 

complex at the ZnO/r-sapphire interface has been observed by Gorla et. al. for high 

temperature annealed ZnO films [105]. An increase in deposition temperature would thus 

increase the overall n-type carrier concentration in the samples by increasing Al 

diffusion. Other key effects of increase in deposition temperature include improvement in 

crystalline quality of the films (reference chapter 3), which would also affect the mobility 

and carrier concentration. Increase in oxygen partial pressure during growth reduces n-

type carrier concentration due to compensation of n-type oxygen vacancies observed for 

oxide films. Based on the optimized oxygen flow and deposition temperature the TFT 

device is fabricated on non-polar ZnO thin film deposited on r-sapphire substrate. The 

ZnO film thickness is designed to be 70nm – 100nm. After the MOCVD deposition of the 

thin ZnO film, the sample is annealed at ~500° C for 30mins in oxygen ambience to 

further reduce n-type carrier concentration. A plasma enhanced chemical vapor deposited 

(PECVD) SiO2 film is used as the dielectric layer, with thickness ~110nm. The thickness 

of the SiO2 layer is designed in order to avoid leakage from the dielectric layer. Al metal 

is used as the gate as well as the source and drain contacts using e-beam evaporation. The 

fabricated devices were aligned along the two in-plane directions (namely ||c-axis and ⊥c-

axis) in order to measure the anisotropy in the device characteristics. Figure 6.4, shows 

the schematic of the TFT device. The I-V characteristics of the device are measured as 

shown in figure 6.5 (a). Figure 6.5 (b) shows anisotropic IDS and gm versus IGS 

characteristics of the devices aligned along the two in-plane directions. 
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Figure 6.3: (a) and (b) show the variation of average mobility and carrier 

concentration in a-plane ZnO films with deposition temperature and oxygen partial 

pressure in MOCVD, respectively 
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Figure 6.4: Shows the schematic of the ZnO TFT device on r-sapphire 
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The device parameters extracted from the I-V characteristics listed in table 6.1.  

Table 6.1: The extracted device parameters for the two in-plane directions 

 || c-axis [0001] ⊥ c-axis [1100 ] 
Vth (V) -22.8 -25.4 
µsat (cm2/Vs) 28.7 35.5 
gm (mS/mm) 1.0 at Vgs = -9.8V 1.09 at Vgs = -13.2V 
Ids (A) 7.68E-4 (Vgs = 0V) 

5.3E-13 (Vgs = -30V) 
8.94E-4 (Vgs = 0V) 

4.87E-12 (Vgs = -30V) 
On/Off ratio 1.45×109 1.84×108 

 
It is observed the devices aligned along the two in-plane directions show 

anisotropic characteristics. The threshold voltage required to completely deplete the 

channel is large. Threshold voltage is affected due to factors such as defects at the 

interface between the ZnO / r-sapphire, large carrier concentration in ZnO films, the 

dielectric layer thickness, trapped charges at the dielectric layer (SiO2)/film (ZnO) 

interface etc. The device shows high On/Off ratio in both the directions, however the 

field-effect mobility in both directions is low. This is possibly due to low hall mobility in 

the thin film ZnO deposited on r-sapphire. Highest mobility reported for CVD deposited 

ZnO films (thickness ~1 - 2µm) is about 125cm2/Vs. Low mobility of the films could be 

due to smaller film thickness (70nm – 100nm) of the ZnO films. The field effect mobility 

is higher perpendicular to in-plane c-axis as compared to parallel to c-axis. 

 

Summary 

In summary we characterized and studied in-plane anisotropy in optical and 

electrical properties of a-plane ZnO and MgxZn1-xO films on r-sapphire Mechanism 

involved with mobility and carrier concentration variation with film deposition conditions 

as well as composition requires detailed study and analysis. 
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Figure 6.5 (a) shows the anisotropic IDS - VDS characteristics, (b) shows anisotropic 

IDS and gm versus IGS characteristics of the devices aligned along the two in-plane 

directions. 

(b) 

(a) 
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A prototype TFT on a-plane ZnO thins films was demonstrated. Optimization of 

TFT device parameters requires in depth analysis of dielectric layer design, study of the 

film/ substrate interface etc. 
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CHAPTER 7: CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK 

Conclusions 

Anisotropy in in-plane structural, optical and electrical properties in non-polar 

ZnO films can be both advantageous as well as disadvantageous. In-plane optical and 

electrical anisotropy can be used for novel device applications, while in-plane structural 

anisotropy may present challenges in thin film growth and successful realization of 

optoelectronic devices. In this work we optimize the MOCVD growth of a-plane MgxZn1-

xO thin films on r-sapphire substrates and study the in-plane anisotropy in structural, 

optical and electrical properties of these thin films. 

Metalorganic chemical vapor deposition technique (MOCVD) was successfully 

used to optimize the growth epitaxial a-plane ZnO and MgxZn1-xO thin films on r-

sapphire substrates. It was demonstrated that Mg is substitutional to Zn in the wurtzite 

ZnO lattice. Change in the optical transmission edge indicated an increase in direct 

bandgap with Mg composition increase in the a-plane films. Optimization of the crystal 

properties was investigated by variation in deposition temperature for a-plane ZnO films. 

It was observed that increase in deposition temperature improved the overall crystallinity 

and also the mosaic in the films. Based on this observation, the optimized MOCVD 

deposition temperature was found in range 500 – 560°C for a-plane MgxZn1-xO films on 

r-sapphire, with typical growth rate of ~500nm/hr. The PL properties of the a-plane films 

deposited using the optimized conditions was investigated. It was observed that the films 

showed good optical properties, with the absence of deep level emissions. A blue shift in 

the PL peaks was observed with increase in Mg composition in the films, indicating an 

increase in the direct bandgap. The optical properties of MgxZn1-xO films can be tuned by 
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adjusting the Mg composition, providing energy bandgap engineering. MgxZn1-xO 

(0<x<0.33) films and heterostructures with ZnO are thus suitable for producing devices 

that operating in the ultraviolet wavelengths regime. The FWHM of the PL peaks was 

found to increase from ~95meV for pure ZnO films to ~133meV for Mg0.12Zn0.88O films.  

In-plane structural, optical and electrical anisotropy in the a-plane films was 

characterized and analyzed. In-plane strain anisotropy in the films was characterized 

using XRD method. A synchrotron radiation source was used for precision in 

measurements. Precise lattice parameters were obtained by lattice refinement. It was 

observed that the in-plane strain in the epitaxial films cause orthorhombic distortion in 

the wurtzite lattice of a-plane MgxZn1-xO films grown on r-sapphire substrates.  The in-

plane strain was found to be anisotropic along and perpendicular to c-axis. The strain was 

tensile along the in-plane m-axis, while being compressive along the in-plane c-axis. The 

out-of-plane strain was found to be tensile. For pure ZnO films the strain relaxed with 

increase in film thickness. Strain was found to increase both along the in-plane directions 

and the out-of-plane direction with increase in Mg composition in the films. Qualitative 

analysis of the films using reciprocal space maps (RSMs) indicated low density of weak 

and strong defects in the films. However, the mosaic was found to be larger in case of 

Mg0.15Zn0.85O films as compared to pure ZnO films. Structural anisotropy study also 

included detailed analysis of the surface and interface morphology of the a-plane films. 

The surface of a-plane films showed anisotropic morphology with needles running 

parallel to the crystallographic c-axis of the films. The effect of substrate miscut and film 

deposition temperature on the morphology anisotropy was studied in detail. The design of 

proper substrate miscut is important to control the morphology fluctuations in the thin 
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films. The in-plane optical anisotropy is found to be result of the in-plane structural 

anisotropy in the MgxZn1-xO film. In-plane optical anisotropy is of strong interest for 

applications in the polarization-sensitive optoelectronic devices. Such anisotropic 

behavior can be exploited for novel device applications, such as high-contrast UV 

modulators. In-plane electrical anisotropy was found to be a result of both structural as 

well as in-plane optical anisotropy in the films. A prototype thin film transistor was 

developed with anisotropic I-V characteristics.  

 

Suggestions for future work 

Even now the biggest challenges in the area of ZnO based semiconductor is 

successful realization of stable and reliable p-type doping and energy band engineering 

for the fabrication of heterostructures and quantum wells. Significant effort have been 

devoted towards development of ZnO based heterostructures. This work is focussed in 

improvement of these heterostructures, and paving way for realization of anisotropy 

based novel devices.  

In this dissertation we have characterized and studied anisotropy in structural, 

optical and electrical properties of non-polar a-plane MgxZn1-xO film grown on r-sapphire 

substrates by MOCVD. The recommendations for future research and development based 

on the present work are: 

1. More detailed study of the anisotropic surface morphology with variations in 

MOCVD growth. Control of surface and interface morphology by use buffer or 

transition layers for development of non-polar heterostructures and QWs. 
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2. Detailed understanding of the underlying mechanism of the observed morphology 

anisotropy.   

3. Detailed characterization of the defects in the non-polar films using transmission 

electron microscopy and other spectroscopic techniques. 

4. Detailed study of the transport anisotropy in correlation with strain, surface 

morphology and electronic properties for development of a-plane ZnO and MgxZn1-

xO thin film based electronic devices. 

5. Fabricate single and double heterostructures of ZnO/MgxZn1-xO films and multi-

quantum wells (MQW) on r-sapphire substrates and investigate the structural quality 

using HRXRD and nature of the interface using HRTEM. 

6. Study the optical properties of ZnO/MgxZn1-xO heterostructures and MQWs on r-

sapphire substrates using room temperature and low temperature photoluminescence 

(PL) techniques and correlate it with microstructural data. 

7. Correlation of strain with the optical properties, piezoelectric and spontaneous 

polarization fields in non-polar thin film heterostructures and quantum wells.  
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