
ABSTRACT 

MAL, SIDDHARTHA. Defect Mediated Ferromagnetism in Zinc Oxide Thin Film 
Heterostructures. (Under the direction of Professor Jagdish Narayan and Professor John T. 
Prater). 
 

Recent developments in the field of spintronics (spin based electronics) have led to an 

extensive search for materials in which semiconducting properties can be integrated with 

magnetic properties to realize the objective of successful fabrication of spin-based devices. 

Since zinc oxide (ZnO) posits a promising player, it is important to elucidate the critical 

issues regarding the origin and nature of magnetism in ZnO thin film heterostructures. 

Another critical issue in the development of practical devices based on metal oxides is the 

integration of high quality epitaxial thin films on the existing technology based on Si (100) 

substrates, which requires appropriate substrate templates. 

The present research work is focused on the study of room temperature 

ferromagnetism (RTFM) caused by intrinsic defects and precise control of RTFM using 

thermal treatments and laser and ion irradiation. We performed a systematic study of the 

structural, chemical, electrical, optical and magnetic properties of undoped ZnO films grown 

under different conditions as well as the films that were annealed in various environments. 

Oxygen annealed films displayed a sequential transition from ferromagnetism to 

diamagnetism as a function of the annealing temperature. An increase in the green band 

intensity has been observed in oxygen annealed ZnO films. Reversible switching of room-

temperature ferromagnetism and n-type conductivity have been demonstrated by oxygen and 

vacuum annealing. Detailed electron energy loss spectroscopy and secondary ion mass 

spectroscopy studies have been presented to rule out the possibility of external source of 

magnetism.  Electron-Paramagnetic Resonance (EPR) measurements indicate the presence of 



a broad peak at g=2.01. This would be most consistent with the magnetic moment arising 

from the oxygen vacancies (g=1.996), although the possible contribution from Zn vacancies 

(g=2.013) cannot be entirely ruled out. The magnetic moment in these films may arise from 

the unpaired 2p electrons at the O sites surrounding the zinc vacancy with each nearest-

neighbor O atom carrying a magnetic moment ranging from 0.49 to 0.74 µB and the oxygen 

vacancies may provide the coupling mechanism. Results of EPR study are found to be in 

agreement with the results of magnetization and conductivity measurements. The effect of 

UV Excimer laser irradiation on electrical, magnetic and optical properties of ZnO thin films 

has been studied. Increases in the electrical conductivity and magnetic moment have been 

controlled precisely with the number of laser pulses, without altering the Wurtzite crystal 

structure and n-type semiconducting characteristics of the films. The laser-induced 

ferromagnetism and concomitant conductivity enhancement can be reversed through 

subsequent thermal annealing. It has also been shown that heavy swift ion irradiation can 

also create room temperature ferromagnetism in oxygen annealed insulating ZnO films. 

Saturation magnetic moments increase with increasing ion dose. A systematic study of the 

thickness dependency of the structural, electrical and magnetic properties of undoped ZnO 

thin films has been presented. The role of film/substrate interface in magnetism has been 

discussed. It has been shown by EPR study and oxidative quenching of ferromagnetism that 

oxygen vacancies are the key mediating defect in ferromagnetic ZnO thin films.        

Finally growth of epitaxial ZnO on Si (100) substrates has been achieved using a 

titanium nitride (TiN)/strontium titanate (STO) template layer. It has been shown that TiN 

can be grown epitaxially on silicon substrates. It was observed that, crystallographic 

orientations of ZnO on STO can be controlled by the oxygen pressure and substrate 



temperature during the deposition. The detailed x-ray diffraction, transmission electron 

microscopy (TEM), electrical and magnetic characterization results for the deposited films 

have been carried out.  

The above mentioned methods provide a controlled way to study changes in 

magnetic, electrical and optical properties of ZnO films and determine the mechanisms 

associated with RTFM in ZnO based materials and visualize exciting new areas ranging from 

spintronics to biomedical applications.  
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1. Introduction 
 

Conventional electronic devices rely on the transport of electrical charge carriers - electrons - 

in a semiconductor. Improvements in the performance of current microelectronics devices are 

accomplished by shrinking the dimension of the transistor. However, shallow channel 

junction, gate leakage current and heat management1 are the biggest challenges associated 

with the physical dimensional shrinkage. The Si industry is searching for new methods 

and/or materials to achieve performance improvements as an alternative to traditional scaling 

techniques. Spin electronics or spintronics is a rapidly growing research field aimed at 

realizing new high-performance devices that take advantage of the electron spin as well as of 

its charge. The fabrication of spintronics devices, which combine both charge and spin 

functionalities, could revolutionize the technology by providing improved efficiency, 

reduced power consumption, high boot up speed and data retention in the power-down state. 

Some devices have already been conceptualized, such as Spin LEDs, Spin FETs, Spin valves, 

magnetic recorders (based on the Giant Magnetoresistance effect)2, Non-volatile memories 

and many ultra low power devices.  

The best way to combine spin and charge of the carriers in a material and to take advantage 

of these effects is by synthesizing a material with both semiconducting as well as magnetic 

properties. Since conventional semiconductors such as Si and GaAs are diamagnetic and 

have very small g-factor (a measure of the interaction strength with an applied external 

magnetic field), it was necessary to find another way to integrate the magnetic property with  
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semiconducting property by some other means. Ferromagnetic metals, such as Fe, Ni etc 

have been used as contacts for injecting spin polarized electrons into conventional 

semiconductor like Si and GaAs.3,4,5 But the spin injection efficiency was very low due to the 

detrimental interfacial layers and scattering of carriers due to impedence mismatch.6 To 

overcome this, research focus gradually shifted to finding a magnetic semiconductor that 

could act as a source for the injection of spin-polarized carriers into spin-based devices. The 

realization of functional spintronic devices requires materials with ferromagnetic ordering at 

operational temperatures compatible with existing semiconductor materials. Being a 

ferromagnetic semiconductor with favorable experimental properties, dilute magnetic 

semiconductors will promisingly suit this need. As early as late 1960 to early 1970, oxides 

doped with Eu2+ and spinel structured composites (for example, ZnCr2Se4)
7,8, were studied as 

magnetic semiconductors. However, structures of those composites differ from Si or GaAs; 

the crystals are very hard to prepare, have low Curie temperature Tc (50K or lower), and are 

strong insulators or poor semiconducting transport property, which hamper their value in 

device application.  

Later on, studies spread to other dilute magnetic semiconductors (DMS) including transition 

metal (mainly Mn) doped II-VI, IV-VI and II-V compound semiconductors, typical examples 

were: II-VI: (Zn,Mn)Se, (Cd,Co)Se, (Hg,Fe)Te; IV-VI: (Sn,Mn)Te, (Pb,Mn)Te, (Pb,Eu)Te, 

etc. Mn doped II-VI semiconductors were especially focused on, typical materials were 

(Zn,Mn)Se etc. Fig. 1.1 shows a schematic of DMS material, where unpaired d electrons on  
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ZnO thin films, there exists a number of contradictory reports about the magnetic behavior of 

these oxide films. They mainly stem from the effect of growth conditions and thin film 

processing techniques on the ferromagnetic properties. Therefore it is very important to 

understand the primary mechanism governing the ferromagnetic ordering in these systems in 

order to achieve room temperature ferromagnetism in ZnO based DMS. The origin of 

ferromagnetic ordering in ZnO is still under debate. Both the free carrier (electrons) mediated 

exchange mechanism12 and a defect mediated mechanism such as Bound Magnetic Polaron 

model (BMP)13 have been proposed as possible mechanisms responsible for the long range 

ferromagnetic ordering. In addition the presence of magnetic secondary phases or 

nanoclusters has also been suspected to cause ferromagnetism in DMS materials.14  

In 2004, the finding of FM in HfO2 thin films of Venkatesan et al. has urged researchers in 

the field to re-examine the real role that doping may play in tailoring the magnetism of 

semiconducting and insulating oxides.15 This so-called d0-ferromagnetism has been observed 

in other systems as well, such as TiO2, In2O3
16 and nonstoichiometric CaB6.

17 Oxygen 

vacancies have been claimed to cause the ferromagnetism for the case of TiO2 and HfO2.
18 

RTFM has also been reported in undoped ZnO powders, nanoparticles, nanorods, nanowires 

and thin films.19,20,21,22 There is an emerging consensus that ferromagnetism in undoped ZnO 

is somehow linked to poor crystalline quality, strain, grain boundaries and intrinsic defects, 

namely, oxygen vacancies (VO), zinc vacancies (VZn) and zinc interstitials (IZn). Recent ab 

initio calculations have suggested that the magnetic moment arises from the unpaired 2p 

electrons at the O sites surrounding the zinc vacancy with each nearest-neighbor O atom 
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 carrying a magnetic moment ranging from 0.49 to 0.74 µB.23 Observed RTFM in ZnO 

nanorods and nanowires has been attributed to oxygen vacancies.20,21 Recently, RTFM was 

induced in undoped ZnO powder by applying a mechanical force24 and then destroyed upon 

oxygen annealing. It was suggested in this case that the appearance of FM had its origin from 

unpaired spin states generated by mechanical strain and/or dislocation of the crystalline 

domain boundaries. The key factors controlling long-range ferromagnetic ordering in these 

materials were never unambiguously identified.   

In this dissertation, ferromagnetic properties of undoped ZnO thin films has been dealt with 

in detail. Thin films of ZnO have been grown by pulsed laser deposition technique. Of prime 

scientific interest have been: whether such undoped ZnO films are inherently ferromagnetic 

or is the ferromagnetism just due to some external impurity that causes the magnetic 

property; What is the correlation between the carrier concentration to the magnetic property 

and what is the role of intrinsic defects in tuning the magnetic properties. We have shown 

that insulating, non-magnetic ZnO films can be tailored to be magnetic by using novel post 

processing techniques, such as, laser irradiation, vacuum annealing and ion irradiation. The 

induced magnetization can be switched ‘off’ by annealing in oxygen environment. Oxygen 

vacancies have been identified as the point defect responsible for ferromagnetism in these 

undoped ZnO films. The reversible nature of Co and Mn doped ZnO thin films has been 

studied. Finally epitaxial growth of ZnO on Si (001) has been realized by incorporating a 

TiN/STO buffer layer; the magnetic behavior of these heterostructure has been studied.  
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The rest of the thesis is organized into the following chapters. 

Chapter 2: In this chapter background knowledge pertinent to the present study is presented. 

Chapter 3: A brief description of experimental techniques used in the present work is given. 

Chapter 4: The reversible nature of room temperature ferromagnetism in undoped ZnO is 

studied and the correlation between defects and physical properties is established. 

Chapter 5: Results of laser induced ferromagnetism is presented and correlation with other 

physical properties is studied. 

Chapter 6: Ion irradiation induced bulk ferromagnetism is studied in this chapter. 

Chapter 7: The effect of thickness, interface and oxygen annealing on magnetic property of 

undoped ZnO is discussed. 

Chapter 8: The reversible nature of ferromagnetism in Co and Mn doped ZnO is studied. 

Chapter 9: Thin film epitaxy and the magnetic properties of STO/TiN buffered ZnO on Si 

(001) substrates is presented in this chapter. 

Chapter 10: A brief summary of the present work is given. Scope for future work is 

discussed. 
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2. Background Knowledge 

 

2.1 Thin Film Epitaxy 

Two ancient Greek words ε π ι (epi-placed or resting upon) and τ α ξ ι ξ (taxis-arrangement) 

are the root of the modem word epitaxy, which describes an extremely important 

phenomenon observed in thin films. Epitaxy refers to formation of an extended single-crystal 

film on top of a crystalline substrate. It was probably first observed in alkali halide crystals 

over a century ago, but the actual word epitaxy was apparently introduced into the literature 

by the French mineralogist L. Royer in 1928.1,2 Two types of epitaxy can be distinguished. In 

homoepitaxy, the film and substrate are the same material. Epitaxial (epi) Si deposited on Si 

wafers is the most significant example of homoepitaxy. The second type of epitaxy is known 

as heteroepitaxy and refers to films and substrates composed of different materials, e.g., ZnO 

films deposited on Al2O3 substrates. Compound semiconductor heteroepitaxial film 

structures have application in optoelectronic devices such as light-emitting diodes and lasers. 

Since the film and the substrate materials are different in heteroepitaxy, the properties of 

heteroepitaxial films are influenced by the crystallographic properties of the substrate and the 

film, the difference in film and substrate chemistry, and the difference in film and substrate 

thermal expansion coefficients. The lattice misfit between substrate and film is the key  

parameter which controls growth, morphology and properties of the film. The lattice misfit is 

defined as:  
film substrate

substrate

a a
f

a
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 2.2 Lattice Matching Epitaxy 

Lattice matching epitaxy involves one-to-one matching of lattice parameters across the film-

substrate interface. Initially, the film grows pseudomorphically. The matching of lattice 

parameters produces strain in the film (and to some extent in the substrate). The 

pseudomorphic growth of the film continues until a ‘critical thickness’ is reached where the 

strain energy becomes large enough to trigger the nucleation of dislocations. These 

dislocations are nucleated at the film surface and must glide to the interface to relieve the 

strain. For the low misfit system, the critical thickness is quite large and strain relaxation may 

not be possible. The obstacles to the glide of dislocations may result in a high threading 

dislocation density in the film, which is detrimental for devices. 

 

2.3 Domain Matching Epitaxy 

Conventional lattice matching epitaxy is possible as long as the lattice misfit between film 

and the substrate is less than 7-8%. Above this misfit the epitaxial growth is explained by 

domain matching epitaxy (DME), proposed by Narayan et al.3 In DME paradigm, matching  

of lattice planes is considered, which could be different in different directions of the film-

substrate interface. An important feature of the domain epitaxy concept in that most of the 

strain is relieved quickly within a couple of monolayers, so that the misfit strain and 

dislocations can be engineered and confined near the interface. 

The matching of m planes of film with n planes of substrate will leave a residual strain of: 

1f
r

s

md

nd
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Where m and n are simple integers and df and ds are the interplanar spacing of film and 

substrate respectively. In the case of perfect matching, residual strain is zero and mdf = nds. 

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

perfect matching according to: 

( ) ( )f sm d n d     

where  is the frequency factor, for example, if  = 0.5, then m/n and (m+1)/(n+1) domains 

alternate with an equal frequency. Assuming f sd d  we have n > m. The difference between 

n and m could be 1 or some function of m. 

1n m   or f(m) 

Since the concept of DME was first proposed, it has been shown to be important for growing 

thin heterostructures characterized by large lattice misfit. Some typical examples for the 

DME growth are TiN/Si(100) heterostructures, III-nitride epitaxy on Si(111), and ZnO and  

III-nitrides on sapphire (0001). The growth of high quality ZnO (having wurtzite hexagonal 

structure, a = 3.252 Ǻ, c = 5.213 Ǻ) on a practical substrate such as sapphire (a = 4.758 Ǻ, c 

= 12.991 Ǻ) presents a major challenge. However, the epitaxial growth of high quality of 

ZnO has been accomplished by DME. Figure 2.1 (a) shows a HRTEM image of the ZnO/  

Sapphire interface grown by pulsed laser deposition. It is taken in the Sapphire [ 2110] zone  

axis. Figure 2.1(b) shows a Fourier-filtered image from which it is seen that, 5 or 6 ( 2110) 

planes of ZnO match with 6 or 7 (0110)  planes of sapphire. The epitaxial relations derived  
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=0.5. From this analysis we get a planar misfit of about 15.4 % which is in between 5/6 and 

6/7 plane matching. Thus with DME, it is now possible to grow films having small as well as 

large misfits with substrates. When the misfits are not perfectly accommodated, there is a 

periodic variation of the domain sizes to accommodate for the residual misfit. Also, as the  

domain size changes, the nature of the dislocations remains the same. Typically, in systems  

like ZnO / sapphire the critical thickness is only a couple of monolayers. Beyond this the thin 

film then continue to grow fully relaxed. Thus DME can be used to grow films with hardly 

any defects in the active regions, compared to films grown by LME. In a later chapter we 

will also describe another system where a metallic thin film of platinum was grown 

epitaxially on ZnO by DME. 

 

2.4 Zinc Oxide 

Zinc oxide is a wide and direct band gap semiconductor with a band gap of ~3.34 eV at room 

temperature4. ZnO has potential applications in optoelectronics, transparent electronics, and 

spintronics. The high efficiency of UV emission in this material could be harnessed in solid-

state white lighting devices. The advantage it has over GaN (another wide band gap 

semiconductor widely used in production of blue, green and white LEDs and laser diodes) is 

its large exciton binding energy (~60 meV). This leads to an intense near-band-edge 

excitonic emission above room temperature since its value is more than twice the room 

temperature thermal energy ( kBT= 25 meV).5,6 ZnO bulk-crystals can be grown easily. As a 

result large-size ZnO substrates are available on which ZnO thin films can be grown  
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homoepitaxially. ZnO has a relatively simpler crystal-growth technology than GaN and high 

quality ZnO thin films can be grown at much lower temperatures (< 600 °C). This will 

potentially reduce the cost of ZnO based devices drastically. Also, since it has a similar 

crystal structure and close lattice parameters to GaN, ZnO can be used as a buffer layer for 

growing high quality GaN films.7,8 Undoped ZnO is inherently n-type. This n-type 

conductivity has been attributed to the presence of intrinsic defects like oxygen vacancies 

(Vo) or zinc intersticial (IZn). The wide band gap of ZnO makes it transparent in the visible 

range which is maintained even at very high carrier concentrations, where ZnO shows 

metallic conductivity, making ZnO a promising material to be used as a transparent 

conductor. Room temperature ferromagnetism in transition metal (e.g., Fe, Mn, Co, and Ni) 

doped ZnO, makes it a potential candidate for next generation spintronic devices9,10,11,12.  

 

2.5 Crystal Structure of ZnO  

ZnO crystallizes in three different forms: a) wurtzite (hexagonal) structure, b) Zinc blende 

and c) rock salt (NaCl) structure. Wurtzite is thermodynamically the most stable state under 

ambient conditions, although the other two structures also appear under specific conditions. 

The zinc – blende state is stable only when grown on cubic substrates and the rock salt  

structure can be obtained only at very high pressures. Some of the other interesting 

semiconductors which crystallize in the same wurtzite structure are GaN, ZnSe, ZnTe, etc.  
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different growth behavior and etch rates for surfaces with different polarity, as well as defect 

generation and piezoelectric behavior. Other than the (0001) plane, ZnO crystal growth can 

also take place along other planes such as a – plane and r – plane, which are nonpolar in 

nature.  

 

2.6 Native Point Defects in ZnO 

The native defects in semiconductors often control magnetic, electrical and optical 

properties.13 They also assist the diffusion mechanisms involved in growth, processing, and 

device degradation. Point defects are one of the controversial areas of semiconductors. 

Current measurement techniques are not able to precisely assign the electrical or optical 

manifestation of defects to their origin. The point defects in ZnO are still not well 

understood. For example, various point defects have been assigned for the defect-related 

luminescence bands. Among numerous reports found in literature, only a few of them are 

trustworthy. Oxygen vacancies are generally believed to be the dominant shallow donor in 

ZnO. These vacancies are formed in noticeable concentrations only after electron irradiation; 

although oxygen vacancies are also created in PLD grown substoichiometric films. Another  

controversy is that the green luminescence band in ZnO is commonly attributed to transitions 

from the oxygen vacancy (VO) to the valence band. However, it has recently been shown that  

green band may not be associated with oxygen vacancies.  

As in any semiconductor, the electrical and optical properties are affected by point defects. 

Point defects include intrinsic native defects (vacancies, interstitials, and antisites),  
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impurities, and defect complexes. Formation energy of point defects control their 

concentration in the material. Van deWalle et al.14,15 calculated formation energies and 

electronic structure of native point defects and hydrogen in ZnO by using the first-principles, 

plane-wave pseudopotential technique together with the supercell approach. In this theory, 

the concentration of a defect in a crystal under thermodynamic equilibrium depends upon its 

formation energy Ef in the following form: 

exp( )
f

sites

E
c N

KT
   

Where Nsites is the concentration of potential sites in the crystal where the defect can occur. 

The higher the formation energy, the lower the defect concentration.  

The formation energy of a point defect in a charge state q is given by:  

0 0( ) ( )f total
Zn Zn fE q E q n n qE      

where Etotal(q) is the total energy of a system, which contains nZn and n0 zinc and oxygen 

atoms, µZn and µ0 are the chemical potentials for zinc and oxygen, respectively, and Ef  is the 

Fermi energy. State-of-art first principles calculations can estimate the total energy. These  

calculations do not require any adjustable parameters or any input from experiments. Growth 

parameters control the chemical potentials. For the zinc-rich case, µZn=µZn(bulk) and for the  

oxygen-rich case µ0=µ02. For intermediate II–VI ratios, µ0<µ02 and µZn<µZn(bulk). The  

chemical potentials for zinc and oxygen are dependent on each other in equilibrium in zinc 

oxide: µZn+ µ0<µZnO.  

Several groups have calculated the formation energies of native point defects in zinc oxide  
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and the results generally agree.16,17 Figure 2.3 shows the results for oxygen and zinc 

vacancies, interstitials, and antisites for the two limiting zinc chemical potential values. 

There are two possible interstitial sites in the wurtzite ZnO: one is tetrahedrally coordinated 

and another is octahedrally coordinated. It is generally agreed that the two most common 

defects in ZnO are likely to be oxygen and zinc vacancies. Analysis of the formation energy 

for the native defects in ZnO shows that the dominant native defects in ZnO should be 

vacancies: anion vacancies in n-type material (when the Fermi level is close to the 

conduction band) and cation vacancies in p-type material (when the Fermi level is close to 

the valence band). Some of the native defects (with the formation energy of several electron 

volts), have extremely low probability of being formed during the growth, such as zinc 

interstitials. However, we should note that these formation energies are calculated at 

thermodynamic equilibrium and may not represent the conditions attained during real growth 

atmosphere. 

Density functional theory (DFT) was used on the local density approximation (LDA) level18 

to study the band gap in ZnO. The authors obtained a band gap of 0.91 eV, whereas the 

experimental value is 3.44 eV. This is not surprising because it is well known that band gap 

is underestimated in LDA calculations.19. Nevertheless, the authors tried to provide an  

explanation of the influence of defects on the band gap. They suggested that oxygen and zinc 

vacancies are the dominant defects. Experimental work with photoluminescence identified 

the oxygen vacancy VO as the source of the green luminescence in ZnO.  
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assigned as a deep donor. In contrast, it was concluded that hydrogen can act as a shallow 

donor. More recently, Janotti and Van de Walle21 studied both zinc and oxygen vacancies, 

interstitials, and antisites. They used a correction to the LDA method to improve the band 

gap. Instead of the 0.80 eV for LDA, they arrived at 1.51 eV, still much too low compared to 

the experimental value (~3.4 eV). The authors suggested that the errors of the LDA 

approximation caused the uncertainties in the calculated formation energies of point defects. 

Optical studies with temperature-dependent photoluminescence gave evidence for an intra-

defect recombination with a deep center, the oxygen vacancy, related to the green emission. 

It was attributed to an excited triplet state of the oxygen vacancy22. It was also found23 that a 

singly charged state of the oxygen vacancy is located 0.54 eV below the conduction band.24 

Zinc interstitials 

Vlasenko and Watkins25 produced defects in ZnO by electron irradiation at liquid-helium 

temperatures. Optically detected magnetic resonance (ODMR) was used to identify O 

vacancies, Zn interstitials, and Zn vacancy–Zn interstitial pairs. The Zn interstitials are 

shallow donors, with a characteristic “effective mass” g-factor of g ~ 1.9626. They anneal out 

at a temperature of 170 K. First-principles calculations also show that Zn interstitials are 

shallow donors. They have high formation energies in n-type ZnO and are fast diffusers with 

migration barriers as low as 0.57 eV. Therefore, Zn interstitials are not stable at room 

temperature, in agreement with the experimental work of Vlasenko and Watkins27. The 

possibility that Zn interstitials cause n-type conductivity was further challenged by positron 

annihilation measurements, which showed that annealing in Zn vapor did not result in a  
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decrease in Zn vacancies28. If Zn interstitials had diffused into the crystal, then one would 

have expected the open-volume defects to have been filled. Instead, the authors posited that 

the Zn vapor caused an increase in O vacancies in the bulk by growing new ZnO on the 

surface. While there is consensus that Zn interstitials are not stable, it has been proposed that 

complexes involving N impurities and Zn interstitials could be stable, shallow donors29. 

Oxygen vacancies 

Oxygen vacancies have been suggested to form a deep, negative-U donor, where +1 charge 

state is thermodynamically unstable. The defect is in the neutral charge state when the Fermi 

energy is above the “0/2+ level”. When the Fermi energy is below the 0/2+ level, the defect 

is in charge state of +2e. The energy level of 0/2+ state of the O vacancy was calculated to be 

0.5–0.8 eV above the valence-band maximum30. Calculations that attempt to correct for the 

band gap error of the local density approximation (LDA) estimated the 0/2+ level to be 1–2  

eV below the conduction-band minimum31. The migration barrier of neutral oxygen vacancy 

was calculated to be ~ 2 eV.  Theorists generally disagree on whether oxygen vacancies 

should be present in n-type ZnO. For example, Lany and Zunger calculated concentrations of 

~1017 cm−3 or higher in n-type ZnO, whereas Janotti and Van de Walle32 claimed that the 

formation energy is much too high for significant concentrations to exist at equilibrium.  

Electron paramagnetic resonance (EPR) measurements on electron-irradiated ZnO show that 

illumination at low temperature converts neutral oxygen vacancies to the 1+ charge state.  

This results in a g-factor of g~1.995 and spin S= 1/2. The oxygen vacancies are stable up to 

400 °C33. From the optical threshold for producing the 1+ charge state, it was found that the  
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neutral oxygen vacancy ground state lies ~2.1  eV below the conduction-band minimum34. 

The yellowish or reddish color of the crystal arises from an electronic transition in a broad 

absorption band near 3.0 eV (409 nm). The famous green luminescence band located around 

2.4 eV (510 nm) has been attributed to oxygen vacancies,35 due to an excited-to-ground state 

transition.36 Annealing in oxygen or zinc vapor produces photoluminescence signals at 2.35 

and 2.53 eV, respectively, and those signals can be removed by annealing in zinc oxide 

powder. These observations suggested that the zinc vacancies give rise to 2.35 eV emission 

and the 2.53 eV emission is due to oxygen vacancies. However, we should also note that, 

numerous defects have been assigned for green band luminescence.37 Electron irradiation 

produces oxygen vacancies and other defects, leading to a reduction in green band 

luminescence and an increase in photoluminescence bands near 600 and 700 nm. Also, the 

configuration-coordinate diagram calculated for the oxygen vacancy does not show any 

transitions consistent with green emission38. For these reasons, we should not assume that 

green band is caused by oxygen vacancies.  
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that the ground state for the 1– charge state lies 0.9 eV above the valence band. A trigonal 

Jahn–Teller distortion causes the hole to be localized on one of the neighboring oxygen sites, 

with nonaxial sites (~110° to the c axis) being energetically preferred.  Zn vacancies may 

originate the green luminescence in some ZnO samples. Janotti and Van de Walle,40 showed 

that the transition from a shallow donor level to the 1–/2– acceptor level could give rise to 

photoluminescence signal around 2.5 eV. Also, green band intensity is reduced by exposure 

of ZnO samples to H plasma, which is consistent with the passivation of Zn vacancies. 

However, green band intensity decreases upon electron irradiation, even though defects such 

as Zn vacancies are created. Zinc vacancies have been studied by positron annihilation 

studies. Positrons have a lifetime of 169 ps at room temperature in bulk zinc oxide. Due to 

relaxation of the neighboring Zn atoms oxygen vacancies do not result in a significant 

increase in open volume. Therefore, positron annihilation is sensitive to zinc vacancies, but 

it cannot detect oxygen vacancies. Tuomisto et al.41 showed that in as-grown and irradiated 

ZnO, zinc vacancies are important deep-level acceptors, with trapped positrons having a 

lifetime of ~230  ps. Zn vacancies produced by electron irradiation can be annealed at 200–

300 °C. As grown, hydrothermal ZnO contains open-volume defects that give rise to a 

positron lifetime of 182 ps. It has been suggested that these defects are H-decorated Zn 

vacancies, although this assignment is tentative. Concentration of vacancy defects decreases 

steadily with increasing sintering temperature in ZnO ceramics.42 
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2.7 Dilute Magnetic Semiconductor  

Diluted magnetic semiconductors (DMSs), or semi-magnetic semiconductors, are 

semiconducting materials where a fraction of the host cations is substitutionally replaced by 

magnetic ions. Much of the attention on DMS materials is because of their potential 

applications in ‘‘spintronics’’ devices, which exploit both the spin and charge of electrons 

in semiconductors. Magnetic ions used in DMS include transition metals (TMs), which 

have partially filled d states (Sc, Ti, V, Cr, Mn, Fe, Co, and Ni; Cu has a completely filled d 

shell, however, acts as magnetic impurity in the Cu2+ charge state), and rare-earth elements, 

which have partially filled f states (e.g., Eu, Gd, Er).43 In terms of their spin, the partially 

filled d or f states contain unpaired electrons which are responsible for the observed 

magnetic behavior. For practical application in functional devices, DMS materials must 

exhibit ferromagnetism with the Curie temperature (TC) above room temperature. Carrier-

mediated ferromagnetism  is also desirable, so that the magnetic properties of the DMS can 

be controlled through external means, i.e., by changing the free-carrier concentration. GaN 

and ZnO have attracted intense attention in the search for high-TC ferromagnetic DMS 

materials since Dietl et al.44 predicted that p-type GaN- and ZnO-based DMSs with a hole 

concentration of the order of 1020 cm-3 could exhibit ferromagnetism above room 

temperature upon doping with TM elements such as Mn to 5% or more. Sato and 

Katayama-Yoshida45 predicted that the ferromagnetic state of Co2+ (d7) in Co-doped ZnO 

could be stabilized by s–d hybridization, which points to the possibility that high-TC  
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ferromagnetic materials could be realized in n-type ZnO as well. First-principles 

calculations by Das et al.46 showed that Cr-doped GaN can show ferromagnetism regardless 

whether the host GaN is of the form of bulk crystal or clusters. These types of predictions 

triggered intensive research in TM-doped GaN and ZnO as potential DMS materials for 

applications in spintronics.47  

ZnO-Based DMSs 

Above room temperature ferromagnetism was first predicted for ZnO-based DMSs40,48. 

Since then high-temperature ferromagnetism was observed experimentally in ZnO films 

doped with Cr49,50,51, V52,Mn53, Co54, Ni,55 Ti56, Fe51, Sc51, Cu57, Fe+Cu58, and even C59. 

However, there also exist contradictory experimental reports where ferromagnetism was not 

found in ZnO doped with Co60,61, Mn, Ni, Cr 62, Cu63, Ti64, and V. For example, Che Mofor 

et al.65, have reported paramagnetic behavior of ZnO epitaxial films doped up to moderate 

Mn concentrations, whereas the material containing about 19% Mn showed a weak 

ferromagnetism which was attributed to Mn clusters observed by TEM. These authors have 

also reported that the observed ferromagnetic signal can be associated with contaminated 

sapphire substrates.  

It is generally observed that TM doped ZnO frequently exhibit ferromagnetic properties 

when prepared in the form of poor-crystalized thin films or nanoparticles, while no 

ferromagnetism was observed in their bulk counterparts or well-crystallized films62. It has  
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been reported recently that any magnetic ordering is strongly method specific and is 

sensitive to chemical ordering of the TM ions and intrinsic defects such as vacancies and 

interstitials66,57,67. In addition to this, observed ferromagnetic properties of DMSs depend 

strongly on a preparation method and growth parameters and significantly vary from report 

to report. This makes the interpretation of experimental data extremely difficult. The 

ferromagnetic order is observed in TM-doped ZnO with free electron concentration varying 

over a very wide range, from almost insulating specimen to highly conductive ones. The 

huge scatter in experimental data presents a tough challenge in developing a universal 

theory that accounts for the whole spectrum of phenomena observed in DMSs.  

2.8 Theories for Ferromagnetism in DMSs 

The general atomic configuration of TM elements is 3dn4s2 with partially filled 3d shells. 

Generally, the cations of the host semiconductors are substituted by 3d transition-metal 

ions, which provides valence 4s electrons to bonds. ZnO has Wurtzite structure, which is 

formed by tetrahedral (s–p3) bonding. In ZnO, a TM atom contributes its 4s2 electrons to the 

s–p3 bonding, and substitutionally replaces the Zn in the tetrahedral bonding to form a TM2+ 

charge state. The localized magnetic moments in the semiconductor matrix originates due to 

the localized 3d electrons of TM ions, which create localized states within the 

semiconductor energy gap. In a nutshell, the mechanisms pertinent to magnetism are direct 

super-exchange (direct coupling of spins through overlap of magnetic orbitals, which is 

antiferromagnetic), indirect super-exchange (coupling of spins of two magnetic ions  



28 

through interaction with p-orbitals, could be ferromagnetic), carrier-mediated exchange 

(ferromagnetic) including the much celebrated double-exchange mechanism proposed by 

Zener68 and exchange interaction mediated by virtual excitations from magnetic-impurity 

levels to the valence band and bound magnetic polarons69. Despite the huge experimental 

and theoretical research in this field, the exact origin of ferromagnetism in DMS materials 

still remains unclear. Initially the ferromagnetic behavior of DMSs were explained based on 

a carrier-mediated mechanisms, which implies that moments of magnetic ions are coupled 

via double exchange and Ruderman–Kittel–Kasuya–Yoshida (RKKY)- type interactions70. 

In the double-exchange mechanism originally proposed by Zener71, TM ions in different 

charge states couple ferromagnetically by virtual hopping of the ‘‘extra’’ electron from one 

ion to the other through interaction with p orbitals. The exchange coupling between 

magnetic ions over relatively large distance via free electrons is the main idea behind the 

RKKY interaction. In the vicinity of a magnetic ion, an electron is magnetized. The 

polarization decays with the distance from the magnetic ion in an oscillatory manner. This 

oscillation gives rise to an RKKY indirect superexchange interaction between the magnetic 

ions on the nearest or the next nearest magnetic neighbors. This coupling may result in a 

parallel (ferromagnetic) or an antiparallel (antiferromagnetic) magnetism depending on the 

separation of the interacting atoms. This mechanism is efficient in presence of a high 

concentration of free carriers. Dietl et al.40 proposed the mean-field Zener model, which is 

based on the original model of Zener66 and the RKKY interaction. They assumed that the  
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holes from shallow acceptors can provide the coupling between the localized spins of TM 

ions. This model predicted that TM-doped p-type ZnO and GaN are the most promising 

candidates for ferromagnetic DMS with a high Curie temperature. However, according to 

this model a high hole concentration of 1020 cm-3 is needed to obtain these high Curie 

temperatures, which may never be attainable. First principles calculations of the electronic 

structures of TM-doped DMSs by Sato and Katayama-Yoshida41,65 showed that the 

ferromagnetism in DMSs is a result of a competition between the ferromagnetic double-

exchange interaction and the antiferromagnetic super-exchange interactions.  

The mechanisms based on free carrier-mediated interactions, such as the RKKY and 

double-exchange, require high concentrations of free carriers, electrons or holes, which is 

not always present in DMSs. In addition to this, ferromagnetic signal in DMSs doped with 

only a few percents of TM is difficult to explain in terms of short-range super-exchange or 

double-exchange interaction, since the fraction of TM ions are far below the magnetic 

percolation threshold. To resolve this, ferromagnetism in DMS has been accounted for by 

the formation of bound magnetic polarons (BMPs).72  

In the BMP model, the localized spins from the TM ions interact with weakly bound charge 

carriers and thus forms the magnetic polarons. This model is valid for low-doped and 

insulating DMSs (both p- and n-types). A model developed by Coey et al.68 suggests that 

the ferromagnetic exchange in TM doped oxides is mediated by donor electrons localized in  
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the impurity band, which couple with 3d moments of TM ions to form bound magnetic 

polarons. The donor electron can couple with the localized 3d spins within this extended 

orbit to provide an effective ferromagnetic exchange coupling between the transition metal 

moments that is given by:  

( )i j i jH J r R s S 
 

 

Where, Sj is the spin of the dopant ion at Rj and si is the spin of the shallow donor electron 

at ri. The radius of this extended orbital is given by r = ε(m/m*)a0, where ε is the dielectric 

constant of the host, m* is effective mass of the donor electrons, and a0 is the Bohr radius 

(0.53 Ǻ). For ZnO the size of the BMP would be ~ 17 Ǻ. The coupling between the 

magnetic cation and the trapped electron is ferromagnetic when the 3d shell is less than half 

full and antiferromagnetic when more than half full. But the resultant coupling between two 

similar dopant ions within the BMP would be ferromagnetic in both cases. The BMPs 

associated with the electrons trapped in the defects overlap to form a spin-split impurity 

band. As the volume of these overlapping polarons increases long range ferromagnetic 

ordering becomes stronger between the dopant ions until they occupy rough 16% of the 

space when percolation occurs. Further increase in defect density (which would lead to 

increase in BMP density) would not lead to increase in strength of ferromagnetic 

interaction. A schematic of the BMPs is shown in Figure 2.5. In this study, the 

ferromagnetic exchange interaction arising from the coupling within the BMP will have to  
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compete with the antiferromagnetic superexchange interaction that exists between nearest 

neighbor cations. This antiferromagnetic coupling becomes stronger with increasing dopant 

concentration. This leads to a progressive decrease in effective moment per dopant atom 

with increasing concentration as was observed in all of our transition metal-doped ZnO 

samples. Therefore we see that the highest effective magnetic moment per dopant atom 

would be achieved at low dopant concentrations and high shallow donor defect 

concentrations. Although the ferromagnetism here is mediated by electrons, it is mediated 

by localized electrons trapped by shallow donor defects and not by free conduction 

electrons as in carrier mediated ferromagnetism. High Curie temperatures can be explained 

by hybridization and charge transfer from a donor-derived impurity band to unoccupied 3d 

states of TM ions at the Fermi level. Many theoretical73,74,75 and experimental reports 

indicate that ferromagnetism in DMSs is linked with structural defects.     
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ruling out free-carrier mediated exchange mechanisms. On the other hand, there are 

experimental results78,79 which indicate that the increase in free-carrier concentration 

enhances ferromagnetic ordering in the DMSs, which is in favor of the carrier-mediated 

coupling. Until now, there has been no decisive evidence favoring one or another 

mechanism as being responsible for ferromagnetic order in DMS materials. It is very likely 

that no single model is capable of explaining all the observed properties of these materials. 

Behan et al48 have suggested that depending on the density of charge carriers, two 

mechanism, namely bound magnetic polarons and carrier-mediated exchange, can be 

operative in TM doped ZnO.. They have attributed the ferromagnetism in insulating films of 

Zn0:95Co0:5O verified from magnetic circular dichroism (MCD) measurements to bound 

magnetic polarons and the ferromagnetic ordering in Zn00:972Mn0:02 Al0:008O and 

Zn0:944Co0:05Al0:006 with free electron concentrations of the order of 1020 cm-3 verified both 

from MCD and anomalous Hall effect measurements to carrier mediated exchange 

interaction. Interestingly, the films with intermediate carrier concentrations (between 1018 

and 1020 cm-3) showed paramagnetic behaviour.    

2.9 d0 ferromagnetism 

Traditionally there are two approaches to magnetism in solids: a) based on local moments 

and b) based on electrons delocalized in narrow energy bands. 80 The first approach is valid 

for ionic insulating compounds, where the magnetic moments are carried by cations having 

partially filled d or f shells. In the second approach, the moment is distributed throughout  
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the solid in spin-split energy bands. Generally the Fermi level intersects both ↑ and ↓ bands, 

and the integral spin moment criterion is inoperative. In the past few years experimental 

reports have emerged which challenged the conventional wisdom of ferromagnetism. There 

are claims of high temperature ferromagnetism for materials without any TM doping. Small 

amounts of parasitic ferromagnetic phases to account for the small observed moments. 

Among them iron is ubiquitous. Nonetheless there is convincing evidence for the existence 

of high-temperature ferromagnetism in materials with no magnetic atoms. The term ‘d0’ 

ferromagnetism is used to describe these type of unexpected magnetism. Recently ‘d0’ 

ferromagnetism has been observed in carbon-based structures, alkaline-earth hexaborides 

(AB6, A = Ca, Ba, Sr crystallize in a CsCl-type structure where the B6 molecule forms a 

large divalent anion), HfO2, ZnO, TiO2, SnO2, In2O3.
81    
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3. Experimental Techniques 
 

In this chapter pulsed laser deposition for thin film growth and different characterization 

techniques used in the present study are described. All the films in the present study were 

deposited using pulsed laser deposition. The structural characterization of the films was done 

by x-ray diffraction (out of plane and in plane) and transmission electron microscopy. 

Electrical properties of the films were characterized by Hall effect and four-point resistivity 

measurements. Photoluminescence spectroscopy was performed for optical characterization 

of zinc oxide films. Detailed chemical studies have been performed using electron energy 

loss spectroscopy, secondary ion mass spectroscopy and x-ray photoelectron spectroscopy.  

Only brief descriptions of the relevant experimental techniques are given in this chapter.   

 

3.1 Substrate Preparation 

In the present study sapphire (0001) and Si (100) substrates were used for thin film 

deposition. The dust particle and organic impurities on the substrate surface may hamper 

nucleation and epitaxial growth of thin films on these substrates. Hence cleaning of 

substrates is necessary prior to thin film deposition. The substrates were first put into an 

acetone bath and heated to ~150 oC for 10 minutes. Subsequently, substrates in the acetone 

bath were ultrasonically agitated for 5 minutes to remove particulates. This was followed by 

ultrasonic cleaning of substrates in an ethanol bath to remove the acetone. Finally, substrates 

were dried by blowing high purity nitrogen. After cleaning, substrates were immediately  

loaded into the pulsed laser deposition chamber. A fast drying silver paste was used to glue  
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the substrates on substrate heater. 

3.2 Pulsed Laser Deposition 

Pulsed laser deposition (PLD) technique has been used to grow the thin films in the present 

study. PLD is a versatile non-equilibrium thin film growth technique based on physical vapor 

deposition. It involves the use of a high-powered laser to vaporize the target material 

required for thin film deposition. The schematic diagram of the PLD system used in the 

present study is shown in Figure 3.1. A high energy laser is focused on the material to be 

deposited, referred to as target. The interaction of the target material with the laser leads to 

localized vaporization and the formation of a highly energetic plasma.1,2 This phenomenon is 

frequently referred to as laser ablation. The ablated material is ejected in a direction normal 

to the target surface in the form of a plume. The material in this plume is deposited on the 

substrate which is usually heated. 

The peak power of most commercial lasers is inversely correlated with the duration of the 

laser pulse. Since ablation of most materials requires very high energy densities, typically 

nanosecond, and sometimes femtosecond, lasers are used for pulsed laser deposition. 

Excimer lasers are most commonly used for pulsed laser deposition due to the fact that these 

lasers can deliver high energy densities with high energy photons. The emission wavelength 

of excimer lasers depends on the composition of the gas that is used in the laser cavity. ArF 

(193 nm) and KrF (248 nm) excimer lasers are most commonly used for pulsed laser 

deposition.  
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The intense heating of the target surface by high powered nano-second lasers leads to 

instantaneous melting/evaporation of the surface layers. Coupling of the laser with the target 

material plays an important role in ablation efficiency. Laser ablation of materials exhibits 

threshold behavior and ablation takes place only when laser fluence (energy per unit area) 

exceeds a minimum value. This threshold is a function of laser properties (e.g., emission 

wavelength and pulse width) as well as material properties. The threshold for laser ablation 

depends strongly on the optical properties (e.g., the absorption coefficient, α) and the thermal 

properties (e.g., the thermal diffusivity, κ) of the target material. The material ablated from 

the target further interacts with the laser beam and gets heated by the laser beam. It has been 

estimated that plasma temperatures in PLD may reach 104 K.  A schematic of the laser-

material interaction in PLD is shown in Figure 3.2. The stoichiometric transfer of material 

from target to the film is one of the biggest advantages of PLD. This makes PLD suitable for 

deposition of multi-elemental complex materials such as YBCO. In comparison to thermal 

evaporation processes, where kinetic energy of the species is ~ 100 meV, the kinetic energy 

of the pulse laser ablated species is very high and is in the range 10-100 eV. This promotes 

high surface mobility in the growing film and hence film growth can be achieved at lower 

temperatures compared to thermal evaporation methods. 
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the range 3-4 J/cm2. The target-substrate distance was maintained 4.5 cm for all the 

depositions. Thin film depositions were carried out with substrate temperatures in the range 

of 27-750 oC. The PLD chamber was evacuated to ~2x 10-6 Torr before heating the substrate 

for thin film deposition. In many cases, oxygen was introduced into the PLD chamber during 

film deposition. 

 

3.2.1 Advantages and Disadvantages of PLD 

There are several advantages associated with PLD that make it a popular thin film deposition 

technique. Most advantages arise due to the high energy of the ablated species. The energy of 

the ablated species can be as high as 10 to 100 eV (i.e. about 100-1000 kT). In comparison, 

the energy of the ejected species in an evaporation technique (thermal or e-beam) is about 0.1 

eV at 1200 K. Listed below are some advantages and salient features of the PLD technique. 

1. The high energy of the plume makes PLD a highly non-equilibrium processing technique. 

Using PLD complex metastable phases can be formed that would otherwise be difficult to 

form by equilibrium synthesizing routes. For example, L10 ordered FePt (superlattice 

structure) can be synthesized using PLD at a low processing temperature of 500 °C4.  

2. In case of a multi-component system (like YBCO) the high energy of the plume helps to 

reproduce the stoichiometry of the target in the film5. The forward directed nature of the 

plume in PLD is responsible for maintaining stoichiometry. Due to the high energy  
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density of the laser, the material removal from the target is so fast that vapor pressures of 

the individual components do not play a role.  

3. The high energy of the plume reduces processing temperatures. For example, epitaxial 

TiN can be grown on Si (100) at 600 °C by PLD. On the other hand CVD growth of TiN 

requires temperatures as high as 900 °C. 

4. Multi-layered heterostructure thin films can easily be synthesized using PLD. The target 

carousel can be suitably manipulated to hold multiple targets (4 to 6 targets). This means 

multi-layered films can be deposited without breaking the vacuum. 

5. Conceptually, any material can be ablated to form a thin film as long as it has a large 

enough absorption coefficient for the laser used. 

6. Depending on the repetition rate of the laser the deposition rate of the film can be 

controlled. In fact, in PLD the number of nucleation sites can be controlled such that 

they are much higher than those formed in MBE or sputter deposition. By controlling 

the impingement rate and increasing nucleation site density the smoothness of the film 

can be improved.  

7. It is important to realize that in the PLD system the energy source, which is the laser, is 

placed externally. The vacuum chamber in itself is devoid of filaments and other sources 

of contamination, thereby resulting in a clean process environment. The interaction 

between the laser and gas species in the vacuum chamber is minimal. This means that 

the dynamic range of deposition pressures could be high, resulting in less stringent  

vacuum requirements. Also, the spatial confinement of laser-solid interaction and the  
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subsequent plume render PLD as a clean process. The deposited films are thus relatively 

contamination free.  

On the other hand, PLD also suffers from some disadvantages. The area of deposited material 

obtained by PLD is relatively low (typically 1 cm x cm). In the case of large substrates, non-

uniformity in film thickness is observed due to the forward directed nature of the plume. 

Deposition on larger substrates and uniformity of film thickness can be achieved to some 

extent by rastering the laser beam over a large target and/or rotation and translation of the 

substrate. The other important drawback of PLD is the formation of chunks during ablation, 

which can prove to be detrimental to the quality of the film. Chunks are nothing but large 

(few microns) particulates or globules of molten material. These undesirable chunks are 

formed due to improper ablation that involve various mechanisms such as subsurface boiling, 

expulsion of the liquid layer by shock wave recoil and exfoliation6,7,8. By careful 

manipulation of the laser parameters, the size and number of chunks can be minimized to 

some extent. 

 

3.3 X-Ray Diffraction 

X-ray diffraction (XRD) was used to study the crystal structure and orientation of our 

samples. This technique also provides information about the phase composition, lattice 

parameter, grain size and lattice strain. In x-ray diffraction a material is probed with x-rays  
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Though two-circle diffractometer gives information about the growth orientation, it does not 

give any information on in-plane orientation of thin film. Knowing in-plane orientation is 

important to establish epitaxy. The in-plane orientation of thin films can be accessed with a 

four-circle diffractometer. In addition to rotation along θ-axis and 2θ-axis, in a four-circle 

diffractometer sample can be tilted with respect to the incident beam (ψ-axis) and also 

rotated 360 degrees around the surface normal (-axis). A schematic diagram of four-circle 

diffractometer is shown in Figure 3.4.  

 

The in-plane epitaxial details can be established by -scans. To perform a -scan an 

appropriate crystallographic plane (hkl), which is inclined to the growth plane (sample 

surface) is identified. The θ and 2θ angles are set to corresponding to Bragg angle for the 

identified plane. The sample tilt, ψ is set equal to the crystallographic angle between the 

growth plane (sample surface) and the (hkl) plane identified for the -scan. The diffraction 

intensity is then recorded as a function of sample rotation along -axis. If the film is epitaxial 

then -scan exhibits sharp peaks at certain -angles. On the other hand if the in-plane 

orientation of the film is random, there is no appreciable variation in the diffraction intensity 

in the -scan. Another way to assess and represent texture in materials is through pole 

figures. Pole figures are constructed by combining the data of -scans recorded at different 

sample tilts (in the range ψ = 0 to ψ = 90 degrees). In the present study a Philips expert  
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i) Understand the epitaxial growth of ZnO films on sapphire (001) substrate by 

investigating the orientation relationship and the corresponding domain matching 

epitaxy.  

ii) Examine the impurity concentration using electron energy loss spectroscopy. 

iii)  Detailed study of microstructure of ZnO/STO/TiN/Si(001) heterostructure. 

iv) Detailed study of microstructure of laser irradiated ZnO films to verify the possibility 

of cluster formation.    

Transmission electron microscopes can be operated in two basic modes: imaging and 

diffraction. In the present study TEM characterization was done to get atomic scale details of 

interfaces, misfit dislocations, crystalline defects, grain boundaries and other microstructural 

features in the deposited films. Selected area electron diffraction (SAED) patterns were also 

acquired to establish the epitaxial details. Unlike θ-2θ x-ray diffraction scans, SAED 

patterns can give information about in-plane crystallographic orientation of textured thin 

films. In-plane orientation of the deposited thin films was established by indexing SAED 

patterns. 

 

In TEM there are two important systems: (i) the illumination system that controls the electron 

source (intensity) and (ii) the imaging system that collects the electrons scattered and 

transmitted from the sample. Depending on the operation mode the electrons collected by the 

imaging system can either form a diffraction pattern or an image. The corresponding  
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]alignment of the electron beam in the two modes is shown in fig. 4.18. In diffraction mode, 

the electrons that form the SAED pattern are elastically scattered by the sample. Thus, if the 

atomic arrangement in the sample is periodic the diffraction pattern consists of well defined 

spots, whereas, in case of polycrystalline sample with less atomic order the diffraction results 

in diffused spots, arcs or even rings. This particular TEM feature is very important and 

reveals information about the microstructure of the films. In the present context, this 

technique has been used to determine the nature of the film grown on various substrates, e.g. 

well defined and ordered spots correspond to epitaxial films, observation of arcs instead of 

spots indicates textured films, and random spots/arcs suggest polycrystalline films. 

Moreover, if the grain size is really fine the resulting diffraction pattern is in the form of 

continuous rings. So, it can be seen that the diffraction technique can also give an idea about 

the relative grain sizes of the different samples. The SAED pattern taken from the interface 

area provides the diffraction information from the film as well as substrate, which enables the 

determination of the exact epitaxial relationship. TEM also allows a certain degree of 

freedom in rotation of specimens and if the sample is prepared thoughtfully, the entire crystal 

structure and the atomic arrangement in more than one direction can be probed using the 

diffraction technique. A typical diffraction pattern contains a bright central spot and slightly 

weaker diffracted 

spots. 
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3.5 Hall Effect Measurement 

A Hall measurement provides a very simple and quick method for determining the carrier 

concentration, the carrier type and mobility. This measurement is based on the Lorentz force 

acting on the moving electrons in the presence of a magnetic field.11 The Lorentz force 

results in a Hall voltage in a direction perpendicular to both the applied electric and the 

magnetic fields. 

In order to determine both the mobility (µ) and the sheet density (nS), a combination of a 

resistivity measurement and a Hall measurement is done. We have used the van der Pauw 

technique to do these measurements. In this study, the thin film samples were cut in the shape 

of ~1 cm x 1cm squares. Electrical contacts were made on the four corners using indium pads 

and gold wires. First the resistances RA and RB were measured as shown schematically in 

Figures. 3.6 (a) and (b). Subsequently a magnetic field was applied perpendicular to the 

substrate surface and the Hall voltage VH was measured (Figure 3.6 (c)).  
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known accurately to estimate carrier concentration. Finally, the sample should be enclosed in 

dark space to minimize photoconductive and photovoltaic effects.  

 

3.6. Four-Point Resistivity Measurement 

The electrical resistivity of the thin film samples is measured using a four-point probe 

technique. The Four point probe method is a standard technique for measuring the resistivity 

of both bulk and thin film samples. Here four probes are made to contact the specimen with 

known distances between them, two of which are used to pass a current and the other two are 

used to measure the voltage drop. Using four probes eliminates measurement errors due to 

the probe resistance, the spreading resistance under each probe, and the contact resistance 

between each metal probe and the specimen material as shown in figure 3.7. In a thin film 

where the thickness of the film is << the spacing between the probes (s), we can consider the 

current profile from the probes to be rings. In such a case, the resistance is given by: 

dl
dR

A
 , where dl dx , and 2A xt . The total resistance is then the integral of the 

above from s to 2s and becomes: 
ln 2

2
R

t



 . If the voltmeter measures a voltage V and if 

current passed through the sample is I, then, the resistance is R=V/2I and hence, the sheet 

resistivity of a thin film is given by, 
ln 2

t V

I

  . Sheet resistance can be expressed as Rs = 

ρ/t, therefore, ρ = Rst. This way we can obtain the sheet resistivity of the thin film material.  
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of light. When irradiated with light of suitable wavelength, electrons in the sample are 

excited to higher energy levels. The radiative transition of the excited electron from the 

higher energy levels to lower energy levels gives rise to luminescence. Two types of spectra 

are usually recorded in photoluminescence measurements- photoluminescence spectrum (PL) 

and photoluminescence excitation (PLE) spectrum. To record the PL spectrum, the sample is 

illuminated with a specific wavelength of light and the variation of luminescence intensity is 

measured as function of luminescence wavelength. In the case of the PLE spectrum, the 

intensity of specific luminescence wavelength is recorded as a function of wavelength of the 

illuminating light. PL spectrum contains information about radiative energy levels in the 

sample. PLE spectrum gives information about the energy transformation among the energy 

levels in the sample.13,14 

 

The PL measurements in the present study were carried out at room temperature using a 

Hitachi F2500 fluorescence spectrophotometer. A schematic diagram of this 

spectrophotometer is shown in Figure 3.8. A Xe lamp is used as the excitation source in this 

spectrometer. A diffraction grating on the incident beam side is used to select the desired 

wavelength for the excitation beam. The excitation wavelength can be varied from 220 nm to 

800 nm. The light emitted by the sample goes to a photomultiplier through another 

diffraction grating where it is recorded by a computer.  
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3.9 Alternating Gradient Magnetometer 
 
The system uses an alternating field gradient to produce a periodic force on a magnetized 

sample.15 The sample is mounted on the tip of a vertical extension rod, which is taken to lie 

along Z axis, and the gradient field is along either the X or Y axis. The top end of the sample 

is attached to the bottom end of a piezoelectric element. The top end of the piezoelectric 

element is tightly clamped. The force of the field gradient on the magnetized sample 

produces a bending moment on the piezoelectric element, which generates a voltage 

proportional to the force on the sample.  The output from the piezoelectric element is 

synchronously detected at the frequency of the gradient field. The amplitude of this voltage is 

proportional to the magnetic moment of the sample, which can be varied by changing an 

applied dc field Hx, which is along X.  

The amplitude of the displacement of the rod at the sample is given by, 

)(
K

Q
HMA   

Where M is the sample magnetization, H is the field gradient generated by the instrument, 

Q is the mechanical quality factor of the cantilever (its resonance frequency divided by its 

resonance width), and K is the effective spring constant of the rod. The AGM needs to be 

operated at the resonant frequency of the cantilever system, and this will change with the 

weight of the sample. The sensitivity of the instrument is limited by thermal noise in the 

mechanical oscillator, and typical sensitivities are comparable to that of a cryogenic 

magnetometer (~ 10-12 Am2).  
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4. Reversible room temperature ferromagnetism in undoped zinc oxide: 
Correlation between defects and physical properties 

 

In this chapter a systematic study of the structural, chemical, electrical, optical and magnetic 

properties of undoped ZnO thin films grown under different conditions as well as the films 

that were annealed in various environments has been presented. Oxygen annealed films 

displayed a sequential transition from ferromagnetism to diamagnetism as a function of the 

annealing temperature. An increase in the green band intensity has been observed in oxygen 

annealed ZnO films. Reversible switching of room-temperature ferromagnetism and n-type 

conductivity have been demonstrated by oxygen and vacuum annealing. EPR data were 

found to be in agreement with the results of magnetization and conductivity measurements. 

The possibility of that an external ferromagnetic impurity is the origin of the unconventional 

RTFM in these films has been ruled out by SIMS and EELS studies. Correlation between 

structural, electrical, optical and magnetic properties has been established in terms of defects 

and defect complexes. Taken together, our data indicate that the ferromagnetic order in ZnO 

matrix may well be defect-mediated.            

 4.1 Introduction  

Recent research efforts on the growth of diluted magnetic semiconductors (DMS) exhibiting 

Curie temperature above 300K have received great attention due to their potential 

applications in  
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spintronics devices.1,2,3 Following the theoretical prediction of a possible room temperature 

ferromagnetism (RTFM) in Mn-doped ZnO4, studies on transition metal (TM) doped ZnO 

system have intensified. RTFM has been reported in Co5, Mn, Cr, and Ni6 doped ZnO 

systems. In contrast, similar studies on Co and Mn doped polycrystalline ZnO7,8 and high 

quality ZnO:Co9 thin films grown by pulse laser deposition (PLD) did not show any 

ferromagnetism. Surprisingly, X-ray magnetic circular dichroism (XMCD) studies on Co-

doped samples by Gacic et al.10 showed that magnetism is not induced by the transition metal 

dopant atoms including clusters or secondary phases. These results generated controversies 

on the origin of observed ferromagnetism and raised questions about the role of dopants. 

Finally, the observation of RTFM in undoped HfO2
11 has challenged the understanding of 

magnetism and triggered researchers to re-investigate the role of dopants in controlling the 

magnetism of semiconducting and insulating oxides. This so-called d0-ferromagnetism has 

been observed in other systems as well, such as TiO2, In2O3
12 and nonstoichiometric CaB6.

13 

Oxygen vacancies have been claimed to cause the ferromagnetism for the case of TiO2 and 

HfO2.
14 RTFM has also been reported in undoped ZnO powders, nanoparticles, nanorods, 

nanowires and thin films.15,16,17,18 There is an emerging consensus that ferromagnetism in 

undoped ZnO is somehow linked to poor crystalline quality, strain, grain boundaries and 

intrinsic defects, namely, oxygen vacancies (VO), zinc vacancies (VZn) and zinc interstitials 

(IZn). Recent ab initio calculations have suggested that the magnetic moment arises from the 

unpaired 2p electrons at the O sites surrounding the zinc vacancy with each nearest-neighbor 

O atom carrying a magnetic moment ranging from 0.49 to 0.74 µB.19 Observed RTFM in 

ZnO nanorods and nanowires has been attributed to oxygen vacancies.16,17  
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Recently, RTFM was induced in undoped ZnO powder by applying a mechanical force20 and 

then destroyed upon oxygen annealing. It was suggested in this case that the appearance of 

FM had its origin from unpaired spin states generated by mechanical strain and/or dislocation 

at the crystalline domain boundaries. 

In our experience, point defects such as VO, VZn, IZn are always present in the ZnO films 

grown by PLD and that these play an important role in tailoring the physical properties of the 

films. We find that undoped ZnO films can be tailored to be ferromagnetic by invoking non-

stoichiometric processing conditions, such as low oxygen partial pressure growth, vacuum 

annealing, and further that the magnetization is annihilated upon high temperature oxygen 

annealing. These observations strongly suggest that the intrinsic point defects play an 

important role in introducing and controlling ferromagnetism in nominally pure ZnO. The 

primary focus of our current study is to investigate in greater detail the role that point defects 

play in establishing the electrical, optical and magnetic properties of undoped ZnO thin films. 

We have carried out optical, electrical and magnetic measurements on the films grown under 

different deposition conditions and then annealed in different environments. With the help of 

Hall, photoluminescence (PL), and electron paramagnetic resonance (EPR) methods, the role 

of defects in modifying magnetic properties in ZnO films has been illustrated and correlated 

with electrical and optical properties.                    

4.2 Experimental details  

ZnO thin films have been deposited on single crystal c-plane sapphire substrates using 

PLD. A KrF excimer laser (λ = 248 nm, τ = 25 ns) with a pulse energy density of 3-4 J/cm2 at  

 



71 

a repetition rate of 10 Hz was used to deposit the thin films. The target-substrate distance was 

maintained at 4.5 cm during the film deposition. A high purity (5N) ZnO target was prepared 

using the conventional solid state reaction technique. Special care was taken to avoid any 

transition metal contamination, e.g. nonmagnetic plastic tweezers were used throughout the 

sample growth and characterization processes. Sapphire (0001) substrates were initially 

cleaned ultrasonically in acetone followed by cleaning in methanol before being transferred 

to the deposition chamber. A series of thin films were deposited for 15 minutes at substrate 

temperatures (Tdep) ranging from room temperature to 750 °C, and under different oxygen 

partial pressures (Po2) ranging from 10-5 to 1 Torr. The deposition chamber was evacuated to 

a base pressure of less than 1×10-6 Torr before the introduction of oxygen. Post-deposition 

annealing was carried out for 30 minutes in a high purity oxygen atmosphere at different 

annealing temperatures from 200 to 800 °C. Vacuum annealing was performed at 10-5 Torr 

for 3 hrs. at 800 °C. The structure of these films was characterized by x-ray diffraction 

(XRD) using a Rigaku X-ray diffractometer with Cu Kα radiation (λ=0.154 nm) and a Ni 

filter.  Microstructural characterization was carried out using a JEOL-2010 field-emission 

transmission electron microscope (TEM) equipped with a Gatan image filter (GIF) tuning 

attachment. The samples were examined by secondary ion mass spectrometer (SIMS) and an 

electron energy loss spectrometer (EELS) in order to determine their chemical composition 

and to assess for any unintended impurities. X-ray photoelectron spectroscopy (XPS) was 

performed using a Riber LAS-3000 instrument with a Mg Kα x-ray source having an energy 

resolution of 0.9–1.0 eV. Room temperature electrical resistivity measurements were 

conducted using a four point probe  
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method and Hall measurements were performed using an Ecopia Hall Measurement system. 

Magnetic measurements were carried out using a vibrating sample magnetometer (VSM) in 

conjunction with a physical property measurement system (Quantum Design Inc.) and an 

alternating gradient magnetometer (Princeton Measurements Inc.). Finally, X-band (~9.5 

GHz) electron paramagnetic resonance (EPR) spectroscopy measurements in the 4 – 300 K 

temperature range were carried out with a Bruker ER-200 spectrometer equipped with an 

Oxford Instruments helium flow cryostat. The size of all the samples for EPR was ~ 1 × 0.3 

cm2. The experimental spectra were least-squares simulated using Lorentzian line shape 

models with the help of the EWVOIGT program21.   

4.3 Results and Discussions  

A. X-ray diffraction and TEM characterization: Fig. 4.1 shows θ-2θ scans of XRD 

measurements of ZnO films deposited on c-sapphire substrates at several different growth 

temperatures ranging from room temperature to 750 °C. Reflections corresponding to the 

(002) and (004) planes of wurtzite ZnO were observed in all the films (except the RT film), 

indicating that the films are either highly textured or epitaxial with a c-axis preferred 

orientation. A φ scan of the ZnO (101) plane (2θ = 35.350) was performed and has been 

reported elsewhere22. The following orientation relation was established between the film (f) 

and substrate (s): [1 00]s||[2 0]f, [11 0]s||[01 0]f, and (0001)s||(0001)f. In the films grown 

at higher substrate temperatures the ZnO (002) peak position (2θ) not only shifted from 

34.04° (27 °C) to 34.36° (750 °C) but also became more intense indicating that the intrinsic 

residual stress is much less in the films grown at higher temperatures23. Intrinsic residual  
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stress has its origin in point defects and imperfection in crystalline quality and it has been 

shown to be compressive in nature.24 Fig. 4.2 shows the dependence of the full width at half 

maxima (FWHM (2θ)) and ZnO (002) peak intensity on substrate temperature. The intensity 

ratio of the ZnO (002) peak relative to the sapphire (006) decreases from 3.38 (750 °C) to 

0.0036 (27 °C), indicating the deterioration of the crystalline quality at very low deposition 

temperatures. The FWHM decreases as the substrate temperature is increased, which reflects 

the larger grain size and better crystalline quality of the ZnO films.  Fig. 4.3 displays the 

XRD patterns of the ZnO (002) peak for the as-grown (Tdep = 350 °C, Po2 = 10-6 Torr) and 

the oxygen annealed (at 800 °C for 30 min.) films. In the annealed sample the angular 

position of ZnO (002) peak shifts towards 2θ=34.44° (ZnObulk), indicating the relaxation of 

stress that occurs in high temperature oxygen-annealed samples. The FWHM decreases 

almost linearly with increasing annealing temperature.  Above 500 °C the ‘c’ lattice 

parameter of ZnO decreases with increasing temperature as revealed by the shift of ZnO 

(002) peak towards higher values. We believe that significant oxygen diffusion takes place in 

these samples at ~500 °C.25 High temperature thermal annealing in an oxygen environment 

leads to higher atomic mobility and oxygen diffusion into the film and hence to a reduction in 

the concentration of intrinsic point defects (VO and IZn) and compressive stress originating 

from them. To summarize, the thermal annealing in oxygen atmosphere leads to (i) an 

increase in intensity of ZnO (002) reflection, (ii) decrease in FWHM and (iii) relaxation of 

intrinsic residual stress.  
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B. Chemical Analysis: A thorough chemical analysis of the as-grown and annealed films was 

performed with EELS, SIMS and XPS. Fig. 4.5 shows the EELS spectra of the as-grown 

sample (Tdep = 650 °C, Po2 = 10-5 Torr) in the range of 400-1300 eV. In the higher energy 

loss region the only observed edges are that of the oxygen K edge at ~532 eV and the zinc 

L2,3 edges at ~1020 and 1043 eV, respectively. No magnetic impurity was found within the 

detection limit of the EEL spectrometer. For SIMS analysis, we employed a magnetic-sector-

based instrument (Cameca IMS-6f) with O2
+ as the primary ion beam, an acceleration voltage 

of 9.71 kV, and a beam current of 120 nA. Positive ions were detected using an electron 

multiplier detector. Fig. 4.6 shows the depth profile of impurity concentration of as-grown 

ZnO films. Upon comparing with the standards, we found that the Fe concentration was 

about 1 ppm and that the Ni, Co, Mn concentrations were lower than that of Fe. It is 

important to note that EELS and SIMS study revealed similar impurity levels in the oxygen 

annealed samples.  

An XPS survey spectra (5-1200 eV) and high-resolution scan for Zn and O were performed 

for the as-grown (Tdep = 650 °C, Po2 = 10-5 Torr) and oxygen annealed (800 °C, 760 Torr, 30 

minutes) samples. The samples were etched by 5 kV Ar+ ion bombardment for 10 minutes 

prior to the survey scan. The C1s peak at 285.0 eV was used for calibration. The binding 

energy of 2p3/2 (~1022 eV) and 2p1/2 (~1045 eV) levels of Zn corresponding to Zn-O bonding 

exhibited very similar features before and after oxygen annealing. Fig. 7 shows the high-

resolution scan of O1s peak fitted by two Gaussian functions. The peak at ~530 eV has been 

attributed previously to O2- ions in the stoichiometric wurtzite structure.26,27 The higher 

binding energy at ~531.5 eV is  
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raising the effective nuclear charge and hence binding energy of an O2-:1s electron28. 

Therefore the intensity of this component of O1s peak is associated with the concentration of 

oxygen vacancies (VO). The fitted results indicate that the intensity of 531.5 eV O1s peak is 

significantly reduced in the oxygen annealed films. Thus, oxygen annealing at a high 

temperature (800 °C, 30 min) promotes the diffusion of oxygen into the film and leads to a 

reduction in the concentration of oxygen vacancies, resulting in a more stoichiometric film.  

C. Electrical Measurements: Detailed room temperature Hall measurements were performed 

to investigate the effect that the initial growth conditions and the post-growth annealing 

experiments have on the electrical properties of ZnO films. Fig. 4.8 shows the carrier 

concentration (n), resistivity (ρ) and Hall mobility (µ) of ZnO films grown at different 

substrate temperatures and oxygen partial pressures. It can be seen that the n decreases for an 

increase in both the oxygen partial pressure and substrate temperature. Polycrystalline ZnO 

films grown at room temperature and partial oxygen pressure of 10-6 Torr had the highest 

carrier concentration at ~2.2×1020 cm-3. It is clear from the dependency of carrier 

concentration on both substrate temperature and oxygen pressure that lowering the deposition 

temperature is a more effective way to achieve higher n-type carrier concentrations. 

Resistivity gradually increases from 9.44 to 41.7 mΩ-cm as the substrate temperature is 

increased from 27 to 750 °C. It also increases by three orders of magnitude (from 14.4 to 

13860 mΩ-cm) as the oxygen pressure increases from 10-6 Torr to 1 Torr, indicating a strong 

dependence on oxygen pressure. Finally, while the carrier concentration and the resistivity 

change by three orders of magnitude as oxygen pressure is  
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The origin of the residual n-type conductivity in undoped ZnO films is still under debate in 

the literature. Oxygen vacancies29,30, interstitial zinc atoms31, their complexes32 and hydrogen 

impurities33 have all been suggested as potential candidates for intrinsic n-type donors in 

ZnO. A recent Zn vapor annealing study by Halliburton et al34 has ruled out the possibility of 

hydrogen contamination as a major donor in ZnO films. As mentioned earlier, increased 

oxygen diffusion at high oxygen pressure and substrate temperature decreases the 

concentration of oxygen vacancies and zinc interstitials and thus suppressing the carrier 

concentration. Carrier mobility is determined by different scattering mechanisms, including 

scattering by intrinsic defects (VO, Izn etc) and grain boundaries. As the oxygen pressure and 

substrate temperature both increase, the grain size of the thin ZnO films increases as revealed 

by the XRD pattern. This causes a reduction in the low angle boundaries and, therefore, the 

effective grain boundary scattering decreases. At the same time, higher substrate temperature 

and higher oxygen partial pressure leads to reduced concentration of intrinsic defects, 

resulting in a decrease in defect mediated scattering.  

A sequential annealing study was performed to help clarify the effect of temperature and role 

of oxygen in controlling the carrier concentration.  ZnO films were first grown at 450 °C in 

10-5 Torr and then were annealed in an oxygen environment at 800 °C for 30 minutes. Fig. 

4.9 (a) shows plots of carrier concentration and resistivity of ZnO films vs. the annealing 

temperature. Annealing at up to 600 °C results in a modest change in the electrical properties 

(e.g., n decreased to ~3.42×1019cm-3 and ρ increased to ~18.3 mΩ-cm), whereas a dramatic 

change (n ~1015, and ρ ~870 Ω-cm) is observed after annealing at 800 °C. This change in 

electrical  
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properties is consistent with the shift of the (002) ZnO peak toward a high angle, as revealed 

in the XRD patterns (see Fig. 4.3). Finally, the highly resistive oxygen annealed samples 

were then re-annealed in vacuum at 850 °C for 3 hrs. Vacuum annealing results in an 

increase in the carrier concentration from ~1015 to ~5×1018 and a decrease in ρ from ~ 870 Ω-

cm to ~ 60 mΩ-cm. This is likely to be attributed to incorporation of the shallow donor level 

induced by VO and/or VO-Izn pair.  Fig. 4.9 (b) depicts the three states of the samples. While 

‘2’ represents the ‘off’ state (oxygen annealed at 800 °C and 760 Torr for 30 minutes), ‘1’ 

and ‘3’ represent the ‘on’ state (as-grown at 550 °C and 10-5 Torr and oxygen annealing at 

800 °C followed by vacuum annealing at 850 °C, respectively) of the ZnO films. These 

results indicate that resistivity, carrier concentration and mobility of the ZnO thin films can 

be controlled by changing the deposition and post-growth annealing conditions.  

While annealing in oxygen atmosphere is expected to decrease the concentrations of oxygen 

vacancies and zinc interstitials, vacuum annealing at high temperature leads to the formation 

of oxygen vacancies but not zinc interstitials since their formation energy is high (6.41 eV35). 

Furthermore, zinc interstitials are very fast diffusers, and are mobile at temperatures as low 

as 130-200 K36. As we have demonstrated above, the concentrations of these point defects 

decrease with increasing oxygen partial pressure and substrate temperature, leading to less 

conducting ZnO films. Moreover, since the carrier concentration does not change 

substantially in the oxygen annealing up to 600 °C and that vacuum annealing does restore 

the carriers and conductivity, we speculate that the zinc interstitials are not the dominant 

donors in undoped ZnO. In our opinion, VO and/or VO-Izn complexes32 are more likely to be 

the major intrinsic donors.  
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D. Photoluminescence and Transmittance Studies: Fig 4.10 shows the transmission spectra 

of the films grown at different temperatures. Films grown above 550 °C show a very high 

transmittance (~ 80%) in the visible region. The sharp fall in transmittance below 400 nm is 

due to the onset of fundamental absorption in ZnO. It is observed that with the increase of 

substrate temperature the transmittance plots become sharper, indicating a reduction of point 

defects in the films. As a direct band gap semiconductor, ZnO film has an absorption 

coefficient (α) obeying the following relation for high photon energies: 

)()( 2
gEhAh   , where A is a constant, h is Planck’s constant and ν is the incident 

photon’s frequency. The absorption coefficient α was obtained by using the relation α = (-

1/d) ln(T), where T is the transmittance and d is the thickness of the film. The band gap was 

obtained by extrapolating the linear part of the plot (αhν)2 versus hν to the energy axis as 

shown in Fig. 4.11. The optical band gap values of films grown at different conditions are 

determined to be about 3.27–3.29 eV.  

 Sinusoidal behavior of the transmittance curves is observed. These appear because of 

interference phenomenon between the wave fronts generated at the two interfaces (air and 

substrate). This revealed the smooth reflecting surfaces of the film and there was not much 

scattering loss at the surface. The excellent surface quality and homogeneity of the film is 

confirmed from the appearance of the interference fringes on the transmission spectra. Film 

thickness can be calculated from the fringes: Thickness = 2 2 1/22( sin )

m

n f Dn
, where m is 

the number of fringes counted and Dn is the wavenumber span for this number of fringes.   

It is seen from the absorption spectrum that the band gap narrowing effect is present in the  
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characteristic broad green band emission at ~530 nm. The origin of green band emissions has 

been widely debated and discussed in literature. The green band thus far in the literature has 

been attributed to the PL of Cu impurities37, VZn
38, VO

39,40 and IZn
41. In general the green 

band appears at ~ 2.34 eV, which is lower than the band gap energy (3.3 eV) of ZnO thin 

films, and its intensity should be related to the concentration of intrinsic defects, such as VO, 

VZn, Izn, IO, and antisite oxygen (Ozn). As shown in the inset of Fig. 4.12 (a), the intensity 

ratio between the green band and the UV emission is highest (1.37) for the films grown in 10-

6 Torr and lowest (0.0862) for the films grown in 1 Torr of oxygen partial pressure. This 

indicates the strong correlation between the green band and oxygen content in the film. Fig. 

4.12 (b) shows a dramatic increase in green band intensity (more than one order of 

magnitude) upon oxygen annealing at 800 °C, whereas the increase in the UV emission is 

only modest. The consequent vacuum annealing of the oxygen annealed samples resulted in 

only a small reduction in both the UV and green emission peaks. During an oxygen annealing 

treatment the concentration of VO and Izn will decrease according to the following 

expressions42: 

;)2/1( 2
x
o

x
o OVO  2/1

2
][  O

x
o pV

        (1)
 

;)2/1( 2 oznzn OZnOI  2/1

2
][  Ozn pI

       (2)
 

;)2/1( 2
x
o

x
Zn OVO  2/1

2
][ O

x
Zn pV 

        (3) 

;)2/1( )(2 ZnZng OVO  ][][ 2/1

2 ZnOZn VpO 
       (4)

 

If the green band were a result of VO and IZn, the peak intensity should have decreased upon  
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concentration.  It has been shown that oxygen antisites have very high formation energies35 

(~9.94 eV) and, therefore, are unlikely to exist in measurable concentrations under 

equilibrium conditions. Zinc vacancies, on the other hand, have the lowest formation energy 

(1.57 eV43) among the native point defects in n-type ZnO. Since the green band intensity 

increases upon oxygen annealing and decreases in the high oxygen pressure growth in our 

samples, we are inclined to suggest that the green band arises from the transition between the 

conduction band (or a shallow donor band) and the VZn acceptor level.  

E. Magnetic Properties: Magnetic measurements were performed on as-grown ZnO thin film 

samples prepared under different growth conditions and annealed in different atmosphere. 

Fig.4.13 shows the room temperature magnetization data plotted as a function of the applied 

magnetic field for ZnO films grown (a) at different substrate temperatures and (b) under 

different oxygen partial pressures. The diamagnetic contribution from the sapphire substrate 

has been subtracted using the high field slope between magnetic fields of 5 and 10 kOe. ZnO 

films grown in different oxygen partial pressures and at different substrate temperatures 

showed coercivity values in the range of 59 to 219 Oe;  the highest coercivity (~219 Oe) was 

observed in the films grown at 650 °C and 10-3 Torr oxygen partial pressure. Polycrystalline 

ZnO films grown at room temperature, which have already been shown to have a maximum 

carrier concentration (~2×1020 cm-3), also  had the largest saturation moments (Ms),  ~ 11.5 

emu/cm3. As it is evident from the figure, Ms decreases with an increase in the substrate 

temperature and oxygen pressure. This observation is in agreement with the changes in 

carrier concentrations and hence establishes a correlation between intrinsic defect  

 



91 

concentrations and the ferromagnetic behavior. Fig. 4.14 demonstrates the hysteresis (M - H) 

loop of the ZnO films annealed at different temperatures under oxygen atmosphere (760 

Torr). It is clear from the plot that there is a gradual reduction in the magnetization value 

from ~1 emu/cm3 (as-grown) as the annealing temperature is increased from 200 to 800 °C.  

As expected, longer anneals resulted in lower Ms values, e.g. the Ms for the sample annealed 

at 500 °C for 4 hrs. is lower than the sample annealed for 30 min at the same temperature. 

Finally, when the films were annealed at temperatures 600 °C or higher they  became 

diamagnetic. It is important to note that films annealed at 600 °C for 30 minutes still exhibit 

a high carrier concentration of ~3.4×1019 cm-3, although no ferromagnetism was observed in 

these films. Likewise, the temperature dependent Hall measurements44 on an as-grown 

sample (Tdep= 380 °C and Po2= 200 Torr) show that the carrier concentration drops from 

~9×1017 cm-3 (300 K) to ~1015 cm-3 (10 K), whereas Ms of undoped ZnO (Tdep= 350 °C and 

Po2= 10-6 Torr) increases marginally with the decrease in temperature (Fig. 4.15), 

demonstrating a typical ferromagnetic materials’ behavior. Hence the carrier-mediated 

ferromagnetism does not appear to be the active exchange mechanism operating in the 

undoped ZnO system. With increase in the oxygen partial pressure the ratio GB/UV emission 

decreases the green band intensity decreases, and a simultaneous decrease in Ms is observed. 

This result may tempt us to establish a correlation between “d0 ferromagnetism” and 

photoluminescence in the undoped ZnO films. However, annealing in oxygen at high 

temperatures increases the green band intensity, whereas the ZnO films lose ferromagnetism. 

This indicates that PL and magnetic properties, though both are influenced by oxygen 

deficiency, do not share the same quantitative dependence and the physical mechanism  
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annealed in vacuum (10-5 Torr) at different temperatures for 3 hrs. As shown in Fig. 4.16, the 

Ms gradually increases as the annealing temperature is increased. Fig. 4.17 shows the 

reversible room temperature ferromagnetic ordering in the samples. As illustrated by this 

figure, RTFM can be controlled to reproducibly switch between the “on” and “off” states. 

While the RTFM in as-grown films represents an “on” state, destruction of RTFM upon 

oxygen annealing at 800 °C for 30 min represents the “off” state. Finally, the “on” state can 

be restored by further vacuum annealing of the previously oxygen annealed samples. It is 

important to point out here that the same sample has been used in the oxygen annealing and 

further vacuum annealing experiments and that the results have been reproduced multiple 

times. We recall from Fig. 4.9 that similar “on” and “off” states were obtained for the 

conductivity of the ZnO films. In our SIMS study we ruled out the possibility of 

ferromagnetic contamination as being responsible for the observed RTFM. The lowest 

saturation moment of 0.255 emu/cm3 was observed in the film grown at 650 °C in 1 Torr 

oxygen partial pressure. This moment would correspond to a concentration of 4.5×1018 

atoms/cm3 of a ferromagnetic impurity having a moment of 6 µB/atom. SIMS study revealed 

that Fe contamination was at a concentration level of 1 ppm, which is two orders of 

magnitude below the above critical value. Oxygen annealed samples also had the same 

amount of Fe contamination, but they did not show any ferromagnetism down to 10 K.  

Coey45 pointed out that iron could be diffusing from the substrate holder into the sapphire at 

high temperature (700 °C) and forming ferromagnetic nanoparticle precipitates, giving rise to 

RTFM.  
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In our case a very high saturation moment (11.5 emu/cm3) was observed in the 

polycrystalline samples grown at room temperature, where one would not expect any 

diffusion of iron into the sapphire. In addition, the x-ray and TEM studies provided no 

evidence for the presence of magnetic precipitates in the ZnO films. These results clearly rule 

out the possibility of any external ferromagnetic contamination and establish the fact that the 

observed ferromagnetism must be defect mediated rather than impurity induced. 

The nature of the defects responsible for conductivity and ferromagnetism in our undoped 

ZnO films can be established as follows. The creation and destruction of point defects in 

semiconducting oxide films are governed by a thermodynamic equilibrium in the post-

growth annealing. Annealing in oxygen atmosphere definitely reduces the population of 

oxygen vacancies, since the partial pressure of oxygen outside the film is higher than inside. 

Whereas, annealing in vacuum (10-5 Torr) may create both zinc and oxygen vacancies. As 

mentioned earlier, the very high formation energy of IZn in n-type ZnO46 (~4 eV) prevents its 

formation in the vacuum (10-5 Torr) annealed samples. Further, it is well known that zinc 

vacancies are acceptors and give rise to the p-type conductivity. Since our samples continue 

to show the n-type conductivity after vacuum annealing, we are inclined to suggest that the 

vacuum annealing creates oxygen vacancies that act as a source of the n-type conductivity 

and ferromagnetism (assuming singly charged oxygen vacancies). A defect mediated 

mechanism driven by oxygen charged vacancies akin to the bound magnetic polaron (BMP)47 

model ought to be responsible for the observed d0 ferromagnetism in undoped ZnO. 
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F. Electron paramagnetic spectroscopy (EPR): In order to further understand the local  

environment of the point defects present in the as-grown and annealed ZnO films we 

employed X-band (~ 9.5 GHz) EPR spectroscopy in the temperature range 4 – 300 K and for 

magnetic field H parallel and perpendicular to the c-axis. The growth and post-growth 

treatment of the samples used for EPR are listed in Table II.  

As an example, Fig. 4.18 shows experimental EPR spectra (T = 4 K) of as-grown and 

annealed ZnO in various environments for H || c-axis.  The observed spectral components for 

both H parallel and perpendicular to the c-axis are as follows. (i) A prominent broad peak 

(ΔHpp ~ 80 G, g ~ 2) was observed for all the samples except for the oxygen-annealed ZnO. 

This signal is attributed to the point defects in the ZnO films and here onwards it is referred 

to as the ‘ZnO signal’.  (ii) Six sharp lines, overlapping the ZnO signal, correspond to the 

Mn2+ (with electronic spin S = 5/2 and nuclear spin I = 5/2) impurities. While the six lines 

correspond to the central |MS = -1/2  |MS = +1/2 (ΔMI = 0) hyperfine transition, the less 

intense intermediary sets of the lines are due to the forbidden nuclear spin transitions, i.e. 

ΔMI = ±1. (iii) The hyperfine coupling constant A = 80 ± 2 Oe is same for the both film 

orientations studied, i.e. H || and  to c-axis, indicating that the Mn2+ ions are in a high 

symmetry environment. (iv) The additional clusters of six lines flanking the intense central 

six lines correspond to the |MS = -3/2  |MS = -1/2 and |MS = +1/2  |MS = +3/2  (ΔMI = 

0) transitions. The zero-field splitting parameter |D| can then be estimated as ~ 225 ± 10 Oe. 

The observed D and A values for Mn2+ in our ZnO films are in agreement with other systems 

containing Mn2+ as either an impurity or a dopant.48,49 

The different intensities of the Mn2+ spectrum with respect to the ZnO signal in our samples  
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could be due to a combination of various factors such as EPR cavity quality (Q) factor that 

was varied due to different dielectric losses in the partially conductive sample, microwave 

power at the sample site and/or other changes in the experimental configuration. Also, while 

all the samples studied by EPR were grown under identical conditions, they were prepared at 

different times and this could affect the concentration of Mn2+ impurities. However, since the 

area under the integrated Mn2+ EPR spectrum is significantly (by a factor of ~103) smaller 

than that of the ZnO signal in all the samples, the Mn2+ represents a negligible impurity and 

the rest of the discussion will focus only on the ZnO signal. 

Annealing the ZnO films under vacuum resulted in an increase of the signal intensity (Fig. 

4.18(b)) when compared with the as-grown signal intensity. On the other hand, annealing of 

these films in presence of oxygen resulted in complete elimination of the ZnO signal 

(Fig.4.18(c)). However, the consequent vacuum annealing of the films pre-annealed in the 

oxygen environment regenerates the ZnO signal (Fig. 4.18(d)). These observations are fully 

consistent with the ‘on’ and ‘off’ behavior observed in the magnetization and conductivity of 

the ZnO films. This indicates that the spins responsible for the magnetism in these ZnO films 

could be directly observed by EPR.   

The g-factors and peak-to-peak line widths (ΔHpp) of the ZnO peak for all the samples 

studied were obtained by performing a nonlinear least-squares fitting of the experimental 

EPR spectra (see Fig. 4.19) using the EWVOIGT program21 and a Lorentzian line shape 

model that includes a variable dispersion contribution.  The admixture of dispersion was 

found to be essential for  
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accounting for the observed line shape, which is attributed to a shift of the microwave phase 

within the conductive ZnO film (i.e., skin depth effects are responsible for the signal 

asymmetry that is known as a Dysonian line shape50).  EPR parameters of the ZnO peak 

obtained from such a fitting are summarized in the Table II. 

Comparison of the literature data on EPR of the single crystal ZnO with our EPR results for 

the thin films revealed several essential differences. Specifically, (i) most of the reported 

EPR studies employed ZnO samples of different preparations: typically, those were single 

crystal ZnO samples either pristine40,51,52 or irradiated by high energy electrons29,35,40,49,53-57. 

In contrast, our samples were thin films (~700 nm thick) and not subjected to any electron 

irradiation.  (ii) EPR spectra from our samples were observed without any in situ illumination 

by 325–515 nm light employed in the earlier studies29,35,40,51-58. Even though the nature of our 

ZnO samples and the EPR experimental conditions were different than those of the previous 

studies29,35,40,51-58, it is worthwhile to highlight and compare the major features of the 

observed signals.  Firstly, for the ZnO films studied here both the dominating ZnO and the 

minor Mn2+ impurity signals vanished beyond the EPR detection limit at temperatures above 

40 K.  In contrast, the EPR signals from ZnO crystals have been reported at temperatures as 

high as 90 K29,35,40,51-58.   While this could be attributed to a higher spin count in larger 

crystals vs. thin films, the differences in electronic relaxation mechanisms would be another 

reason.  Secondly, the ZnO EPR signals reported in the literature29,35,40,51-58 were as narrow as 

2 – 6 G while ΔHpp of the EPR lines in our samples was 70 – 95 G. We speculate that the 

larger line width in our samples could be due to a combination of (a) inherent strains (for 

example lattice mismatch with respect to the substrate) present in the  
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Table I. Carrier concentrations, resistivity, mobility and saturation moments of ZnO films 

grown at (a) different substrate temperatures under 10-5 Torr pressure (b) and different 

oxygen partial pressures at 650 °C  

Tdep (°C)         
(Po2 = 10-5 
Torr) 

n (/cm3) ρ (mΩ-cm) µ(cm2/V.s) Ms (emu/cm3) 

27 2.2 × 1020 9.44 2.90 11.527 
350 9 × 1019 11.6 6 2.128 
550 3.6 × 1019 24.01 7.12 1.773 
750 1 × 1019 41.7 14.96 1.594 
Po2 (Torr) 
(Tdep = 650 
°C) 

n (/cm3) ρ (mΩ-cm) µ(cm2/V.s) Ms (emu/cm3) 

10-6  5.7 × 1019 14.4 7.56 0.744 
10-3 2.06 × 1019 18.8 16.1 0.608 
10-1 6.3 × 1017 451 22 0.535 
1 1.59 × 1016 13860 28.69 0.263 
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 Table II. EPR spectral fit parameters and relative vacancy concentrations in as-grown and 

annealed ZnO. The isotropic g-value giso is calculated as (g|| + 2g)/3. The vacancy 
concentrations listed are the averaging values for H parallel and perpendicular to the c-axis 
directions.  

 

4.4 Conclusion   

In summary, we have systematically studied the structural, chemical, electrical, optical and 

magnetic properties of undoped ZnO thin films grown on c-sapphire by PLD under different 

growth conditions and annealed in different ambients. According to XRD results, high 

temperature annealing in oxygen brings the films to near-stoichiometric conditions and 

relaxes the intrinsic residual stress resulting from the presence of point defects . This  

 

 

Sample 

Growth/ 
annealing 
conditions 

H || c-axis H  c-axis  

giso 

Average 
vacancy 

concentratio
n (spins/cm3)

g-value ΔHpp 
(Oe) 

g-
value 

ΔHpp 
(Oe) 

As-
grown 

750 ºC, 10-5 
Torr 

1.997  
0.001 

78  
2 

2.005 

 
0.001 

71  2 2.002 1.7 × 1021 

Vacuum 
annealed 

800 ºC, 10-5 
Torr 

1.997  
0.001 

94  
2 

2.015 

 
0.001 

88  2 2.009 4.2 × 1021 

Oxygen 
annealed 

800 ºC, 760 
Torr 

– – – – – – 

Oxygen 
+ 

vacuum 
annealed 

(800 ºC, 760 
Torr) +  

(800 ºC, 10-5 
Torr) 

1.999  
0.001 

78  
2 

2.010 

 
0.001 

75  2 2.006 1.4 × 1022 
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decrease of oxygen vacancies upon oxygen annealing has been confirmed from XPS studies. 

Detailed room temperature Hall measurements reveal that the resistivity and carrier 

concentration of undoped films depend strongly on the growth conditions and can be 

switched “off” and “on” by employing a high temperature oxygen annealing and further 

vacuum annealing, respectively. The behavior of the green band in PL spectra upon oxygen 

annealing suggests that the oxygen vacancies do not give rise to the green band and, 

therefore, zinc vacancies may be the plausible candidates. We have studied magnetic 

properties in the undoped ZnO as a function of the processing conditions and the post-growth 

annealing environment. The saturation magnetic moment found in sub-stoichiometric as-

deposited films decreases upon oxygen annealing. ZnO films become perfect diamagnetic 

above 600 °C.  Again, we successfully demonstrated in a reproducible fashion the switching 

between “off” and “on” ferromagnetic states using oxygen and vacuum annealing treatments. 

This is in agreement with electrical studies.  A single broad line (ΔHpp ~ 80 G) has been 

observed at giso ~ 2 in our EPR measurements. The changes in the EPR signal intensity of the 

as-grown and annealed samples are consistent with the magnetization measurements. Even 

though the explicit origin of the observed EPR peak could not be currently  

 

ascertained from the EPR data alone, it has been tentatively assigned to oxygen vacancies 

based on the magnetization and conductivity studies. Finally, SIMS and EELS studies ruled 

out the possibility of external ferromagnetic contamination causing the observed moments. 

We have thus established a correlation between the structural, electrical, optical and magnetic 

properties in terms of defects and defect complexes.    
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5. Laser irradiation induced ferromagnetism in Zinc Oxide: correlation 

with other physical properties 

We have introduced systematic changes in the electrical, magnetic and optical properties of 

undoped ZnO films through irradiation with an UV Excimer laser. Increases in the electrical 

conductivity and magnetic moment have been controlled precisely with the number of laser 

pulses, without altering the Wurtzite crystal structure and n-type semiconducting 

characteristics of the films. The laser-induced ferromagnetism and concomitant conductivity 

enhancement can be reversed through subsequent thermal annealing. Hence, we have 

successfully demonstrated reversible switching of RTFM in undoped ZnO by employing 

oxygen annealing (off) and laser irradiation (on). We discuss these findings in terms of 

defects and defect complexes created by pulsed laser irradiation.  

5.1 Introduction 

 ZnO and related materials have received considerable attention in the recent literature 

because of their potential as a diluted magnetic semiconductor (DMS) for a variety of 

applications in spintronics. To date, transition metal (TM) doped ZnO has led to the 

observation of room temperature ferromagnetism (RTFM) in some cases but not in 

others.1,2,3,4 This has generated controversy and counter claims related to TM based impurity 

precipitates and lack of careful characterization of TM-doped samples. There is also 

experimental evidence suggesting magnetic order can be achieved in pure ZnO films. Khalid 

et al5 found some evidence of ferromagnetism in pure ZnO films grown by pulsed laser  
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deposition (PLD) on r-plane sapphire, grown at 300-4000C and 0.01 to 1.0 mbar N2 pressure.  

However, films grown on c- and a-plane sapphire did not show significant ferromagnetism. 

Similarly, Xu et al6 found ferromagnetism in pure PLD grown ZnO films which were grown 

on a-plane sapphire. An important, but frequently overlooked aspect of the controversy 

regarding ferromagnetism in TM-doped ZnO is related to the role of intrinsic defects, metal 

precipitates and TM-defect complexes.7,8,9 The observed RTFM in polystyrene-assisted Mn-

doped ZnO nanostuructres10 has been attributed to the formation of zinc interstitials due to 

rapid thermal heating. In this respect, recent theoretical studies based upon ab initio 

calculations suggest that both zinc vacancies and oxygen interstitials could induce 

ferromagnetism in pure ZnO.11 Interestingly, Zinc vacancy (VZn) induced ferromagnetism is 

predicted to lead to a ferromagnetic metal while oxygen interstitials (IO) are expected to 

result in a ferromagnetic semiconductor. In the case of VZn the magnetic moment arises from 

the unpaired 2p electrons at O sites surrounding the zinc vacancy with each nearest-neighbor 

O atom carrying a magnetic moment ranging from 0.490 to 0.740 µB. 
12 

In our experience, point defects such as vacancies or interstitials that are always present in 

DMS materials, play an important role in modifying the optical, electrical and magnetic 

properties of these materials. Therefore, controlling these defects will be essential in 

developing new photonic and spintronics based devices. We have found that ZnO films 

prepared by PLD can be made ferromagnetic by doping with transition metals in the range of 

a few percent under conditions that lead to sub-stoichiometry, for example by depositing at 

low oxygen partial pressures or annealing in vacuum.  It is interesting to note that even pure  
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ZnO can be made weakly ferromagnetic under these conditions. In contrast, TM-doped ZnO, 

for instance Co-, Cu- and Mn-doped2 ZnO systems that are very close to stoichiometry, e.g. 

prepared under high oxygen partial pressure or annealed at high temperature in a pure oxygen 

atmosphere are non- ferromagnetic. This strongly suggests that defects play an important role 

in inducing ferromagnetism in otherwise undoped ZnO.  The current study is motivated by 

the desire to investigate this behavior in greater detail and to identify a means of better 

controlling the introduction of defects and hence the onset of magnetism in this system. The 

primary focus of this study is to grow high-quality epitaxial single-crystal films of pure ZnO 

on c-sapphire, and study the ferromagnetic and concomitant electrical and optical properties 

as a function of pulsed laser irradiation and subsequent thermal annealing. It is shown that 

nanosecond laser pulses can controllably vary the magnetic, electrical and optical properties 

of ZnO films, which we infer to be associated with the introduction of defects, particularly 

oxygen vacancy (Vo) and zinc vacancy (VZn), in a controlled manner. This method provides a 

unique approach to the study of room temperature ferromagnetism (RTFM) in these films 

and investigate the underlying mechanisms.  

5.2 Experimental Details 

In this study ZnO thin films have been deposited on single-crystal c-plane sapphire substrates 

in a PLD system using a KrF Excimer laser (λ=248 nm, τ=25 ns). The energy density and 

repetition rate were kept at 3-4 J/cm2 and 10 Hz, respectively, and the target-substrate 

distance was maintained at 4.5 cm during deposition.  Thin film growth was carried out at 

750 0C and in an oxygen partial pressure of 10-2 Torr for 20 minutes. Subsequently, KrF laser  
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irradiation of films was performed at room temperature in ambient air with a laser energy 

density of 0.2 J/cm2 and a frequency of 1 Hz for different numbers of pulses. The laser 

energy was kept below the threshold for melting, which was easily identified by the 

formation of cracks in the film. The structure of these films was characterized by X-ray 

diffraction using a Rigaku X-ray diffractometer with Cu Kα radiation (λ=0.154 nm) and a Ni 

filter. Detailed microstructural characterization was performed using a JEOL-2010 field-

emission transmission electron microscope (TEM) equipped with a Gatan image filter (GIF) 

tuning attachment. Quantitative chemical analysis was carried out using Electron Energy 

Loss Spectroscopy (EELS) and Secondary Ion Mass Spectroscopy (SIMS). Optical 

measurements were performed using a Hitachi spectrophotometer. Room temperature 

electrical resistivity measurements were conducted using a four point probe method and Hall 

measurements were carried out using a Ecopia Hall Measurement system. Magnetic 

measurements were performed in a vibrating sample magnetometer (VSM) in conjunction 

with a physical property measurement system (PPMS) (Quantum Design Inc., USA). 

5.3 Results and discussion 

Fig. 5.1(a) shows X-ray diffraction characterization (2θ-Intensity scan) of as-grown and laser 

irradiated ZnO thin films with 20 and 40 pulses of laser output energy density 200 mJ/cm2. 

The XRD pattern shows that the films are highly textured or epitaxial with a c-axis preferred 

orientation. No substantial change in (0002) diffraction peak intensity and full width at half 

maximum was observed in the laser irradiated ZnO thin films, indicating good crystalline 

quality of the films even after irradiation with 40 laser pulses. Within the detection limit of  
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A detailed TEM study was performed in order to investigate the microstructure and verify the 

epitaxial relationship of the laser irradiated films. The low-magnification bright-field TEM 

cross-section micrograph [see Fig. 5.2(a)] shows the absence of any precipitates or clustering 

in the irradiated films. The high resolution transmission electron microscopy (HRTEM) 

micrograph [Fig. 5.2(c)], which is representative of the entire sample, reveals the highly 

epitaxial nature of the film and the atomically sharp interface with no evidence of any 

interfacial reaction or precipitation. The thickness of the film was determined to be around 

650 nm. Both the fast Fourier transformation and the selected area diffraction (SAD) pattern 

(Fig. 5.2(b)) show spots corresponding exclusively to the film and substrate. The detailed X-

ray diffraction and the TEM analyses suggest that laser irradiation with 40 pulses did not 

alter the crystalline quality substantially or result in precipitation and cluster formation in the 

ZnO films. Detailed EELS study was carried out for all the ferromagnetic samples. Fig. 5.3 

shows the EELS spectra of laser irradiated sample in the range of 450 – 1290 eV. In the 

higher energy loss region, the observable ionization edges are the oxygen K edge at ~532 eV 

and the zinc L2,3 edges at ~1020 and 1043 eV, respectively.  It should be noted that no 

magnetic impurity was found within the detection limit of EEL spectrometer. However, 

SIMS study revealed that all the samples (viz. as-grown, laser irradiated and annealed) had 

trace amounts of impurities (1 ppm in case of Fe, less than 1 ppm in case of Ni, Co, Mn).  
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optimized laser energy was found to be 200 mJ/cm2 to get the maximum UV intensity. Room 

temperature PL measurements were performed on the oxygen annealed laser irradiated and 

as-grown films. An increase in green band intensity was observed after oxygen annealing 

which is similar to that reported by Børseth et.al.18. During annealing in oxygen pressure 

concentrations of oxygen vacancies (VO) and zinc interstitials (IZn) decrease due to the 

potential incorporation of oxygen into the film. Had the green band been due to the VO and 

IZn it would have decreased upon oxygen annealing. However, the observed increase in 

intensity of the green band seems to be not related to this and hence we do not attribute the 

green band to VO and Izn.  

Magnetic measurements were performed for all the films in the temperature range 100 - 300 

K and in magnetic fields up to 10 kOe.  Fig. 5.6 shows isothermal magnetization data plotted 

as a function of the applied magnetic field for both the as-deposited and the laser irradiated 

films exposed to a series of laser pulses. The diamagnetic contribution from the sapphire 

substrate has been subtracted using the high field slope between 5 and 10 kOe. Films 

deposited at high temperature (750 0C) and under high oxygen pressure of 10-2 Torr show a 

weak ferromagnetic coupling with a small coercive field, Hc (~56 Oe) and small saturation 

magnetization (0.2308 emu/cm3). As shown in Fig. 7 the saturation magnetization (Ms) in the 

films increases following laser irradiation due to the simultaneous formation of several 

defects, such as zinc and oxygen vacancies, and their interstitials. Both Ms and Hc increase 

with the increase in number of laser pulses up to ~30 pulses where the Ms saturates while the 

coercivity continues to increase up to 130 pulses (shown in Fig. 5.7). A decrease in Ms was  
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observed beyond 100 pulses which could be attributed to the clustering of newly generated 

defects accompanied by a concomitant decrease in defect concentrations. Once the defects 

are in the form of clusters such as dislocation loop, they may lose their magnetic 

contribution. The saturation magnetization Ms however increases only marginally with 

decreasing temperature down to 100K, suggesting that the Curie temperature is well above 

300 K. The magnetization for all the samples saturates at fields of ~3000 Oe. These 

ferromagnetic ZnO films switched to a perfect diamagnetic state after annealing in oxygen 

ambient for 20 minutes at 800 0C Ferromagnetic ordering could be restored in the oxygen 

annealed samples, but only after laser irradiation with 40 pulses. Fig 5.8 shows the room 

temperature magnetization curve for an oxygen annealed sample and an oxygen annealed 

sample that had then been laser irradiated. It should be pointed out that after irradiating the 

sample with 20 pulses the magnetization curve appeared very noisy and weak, but 40 laser 

pulses gave rise to a saturation moment of 0.42 emu/cm3, which is higher than the 0.3 

emu/cm3moment of the as-deposited film. The laser irradiation treatment also restored the 

carrier concentration in oxygen annealed samples. After an O2 anneal at 800 0C for 20 

minutes the carrier concentration had dropped significantly to ~1014 /cm3, and then returns to 

~1019 /cm3 after exposure to 40 laser pulses.       
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(ii) carrier concentration and hence the electrical conductivity can be enhanced via laser 

irradiation. We believe that the high power laser pulses (with photon energy ~5 eV) break 

some Zn-O bonds and create vacancies (VO, VZn) and interstitials (IZn, IO). The VO and IZn are 

then expected to form a complex due to the attractive interaction originating from the 

quantum mechanical hybridization between the electronic orbitals of their respective deep- 

and shallow-donor states.19 These complexes provide the main source for n-type 

conductivity. Newly generated VZn cannot compensate the n-type donors because they are 

deep acceptors (0.18 eV and 0.87 eV above the valance band for VZn
-1 and VZn

-2 

respectively), and thus only a small fraction can be ionized.  Restoration of ferromagnetism 

in oxygen annealed films and increase of saturation moments in as-grown films using laser 

irradiation clearly establishes the role of defects in controlling ferromagnetism and rules out 

the role of magnetic contamination. The origin of RT ferromagnetism may be due to the 

exchange interaction between unpaired electron spins on either oxygen atoms in tetrahedral 

sites around zinc vacancy11 or at the Zn interstitials.20 Studies based on the variations of c-

lattice parameter in Co-doped ZnO films annealed under different ambient conditions, 

MacManus-Driscoll et al.20 have demonstrated the key role played by zinc interstitials in 

establishing RTFM. It has been suggested by Panigrahy et al.21 that singly charged oxygen 

vacancies are mainly responsible for the RT ferromagnetic behavior in ZnO nanorods. 

However, the origin of RTFM and exact coupling mechanism of spins arising from the 

intrinsic defects in undoped ZnO is still an open research area. 

 

 



127 

 The nature of defects which causes the intrinsic n-type characteristics has been widely 

debated in the literature recently.19,22,23 Oxygen vacancies (VO), zinc interstitials (Zni) and 

their complex are theoretically considered to be the sources of n-type conductivity in ZnO19, 

although only the VO-IZn complex is predicted to be present as a shallow donor under oxygen 

deficient conditions. The highly mobile nature of oxygen and zinc interstitials24 also suggests 

that the oxygen interstitials will migrate rather quickly to the surface and be emitted. Since 

laser irradiation was performed in ambient atmosphere, the zinc interstitials will also be 

oxidized as soon as they reach the surface. All of this suggests that the n-type behavior in our 

studies is a result of a VO-IZn complex formation. Similarly, theoretical predictions11 support 

the premise that the magnetic moment can also be attributed to the presence of unpaired 

electrons associated with either the VZn or IO sites. Finally, the exchange interactions that 

couple the individual moments and lead to ferromagnetic behavior can be explained by the 

polarization of trapped electrons by positively charged defect sites, e.g. oxygen vacancies. 

The occurrence of ferromagnetism in some other transparent oxides (TM-doped ZnO) has 

been explained by such mechanism.25 It is observed that all laser irradiated samples show 

perfect diamagnetic behavior after annealing in oxygen at 800 0C for 20 minutes and a 

dramatic decrease in conductivity by more than 4 orders of magnitude. Thermal annealing 

reduces the defect concentration, which leads to lower free carrier concentrations, the 

removal of defects and the disappearance of ferromagnetism. These results certainly support 

the F-center defect-mediated exchange (bound magnetic polaron) mechanism proposed  
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previously by others9. Electron spin resonance (ESR) measurements on our samples (section 

4.3) have identified a broad signal that appears to be the superposition of VO-IZn complex and 

VZn, although the calculated g-value of 1.9967 in our spectra is higher than that of the 

reported value for the VO-IZn complex.19,26  

5.4 Conclusion 

From these results, we can conclude that laser irradiation at energy densities below the 

threshold for melting can induce defects into ZnO films that lead to significant changes in 

optical, electrical and magnetic properties. Here, we have successfully demonstrated that a 

simultaneous enhancement in conductivity and reversible switching of RTFM in undoped 

ZnO can be achieved by oxygen annealing (leading to off state) and laser irradiation (leading 

to on state). Based on our detailed chemical analysis, which indicates that the presence of 

trace ferromagnetic impurities is at a level too low to account for the observed magnetic 

moments, we conclude that RTFM in undoped n-type ZnO is intrinsic in nature. These results 

establish a strong correlation between RTFM and presence of trapped non-equilibrium 

concentrations of radiation induced defects, which are effective in providing some degree of 

three-dimensional ferromagnetic ordering. It is concluded that a complex defect-assisted 

mechanism is responsible for the occurrence of room temperature ferromagnetism and that 

this can be achieved in the absence of any 3d transition metal doping. It is envisaged that 

such profound changes stem from a complex interplay of point defects. 
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6. Ion-irradiation induced bulk ferromagnetism in undoped ZnO thin films 

 

We have introduced defects in ZnO epitaxial thin films by swift heavy 107Ag9+ ion irradiation 

and investigated systematically magnetic, electrical and optical properties. Oxygen annealed 

ZnO films are epitaxial single crystals and exhibit a perfect non-magnetic behavior. Room-

temperature ferromagnetism is observed in ion irradiated samples, which increases with the 

ion dose. Similar bulk ferromagnetism has been created by vacuum annealing also. Raman 

study revealed dramatic changes in vibration modes indicating the creation of defects through 

electronic excitations caused by electronic stopping, which seems to correlate well with the 

increase in carrier concentration. We discuss these findings in terms of defects and defect 

complexes created by high-energy heavy ion irradiation.   

6.1 Introduction 

Recently room temperature d0 ferromagnetism (RTFM) has been widely reported in different 

ZnO nanostructures without any intentional magnetic doping.1,2,3 This unconventional 

ferromagnetism has also been found in other undoped metal oxides, such as HfO2, TiO2, 

SnO2, In2O3.
4,5 The origin of ferromagnetism and the mechanism which provides some 

degree of three-dimensional ferromagnetic ordering in these oxides is not clear at this 

moment. However there is a general consensus that the ferromagnetism in undoped ZnO is 

linked to the poor crystalline quality, strain, grain boundaries and intrinsic defects, namely, 

oxygen vacancies (VO), zinc vacancies (VZn) and zinc interstitials (IZn). Recent ab initio  
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calculations have suggested that the magnetic moment arises from the unpaired 2p electrons 

at the O sites surrounding the zinc vacancy with each nearest-neighbor O atom carrying a 

magnetic moment ranging from 0.49 to 0.74 µB.6 Recently, RTFM has been induced in 

undoped ZnO powder by application of mechanical force7 and a novel laser irradiation and 

thermal treatment has been adopted to induce magnetism in undoped ZnO thin films.8,9  

It is envisaged that RTFM is caused by defects introduced during these treatments. However, 

the nature of these defects and mechanism of RTFM have not been identified. This has led to 

many controversies and speculation about RTFM in ZnO. In this letter, we have introduced 

defects uniformly throughout the thickness of the films by swift heavy ion irradiation. Here 

the ion energy of 107Ag9+ is 300 MeV, where electronic stopping (20 KeV/nm) dominates 

over the nuclear stopping (0.03 KeV/nm). Under these conditions, the ion energy losses are 

primarily to electronic excitation which couple with phonons to transfer their energy which 

appears as heat. Thus rapid heating and quenching of tracks produce defects which lead to 

observed RTFM. We draw parallel with RTFM introduced by pulsed annealing and vacuum 

annealing to arrive at the mechanism of defect-induced RTFM.      

Heavy-ion irradiation is a unique post-deposition treatment where the effect of ion irradiation 

can be made uniform throughout the film; hence a true bulk phenomenon can be achieved. 

This is in contrast to thermal treatment, where effect on bulk could be different than that of 

surface. High-energy heavy-ion induced structural and microstructural phase transformations 

have been reported in both polycrystalline and single-crystal materials.10,11 Ion irradiation has  
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been found to increase carrier concentration in Co-implanted ZnO thin films.12 To the best of 

our knowledge, this is the first report in which a unique way has been adopted to create 

ferromagnetism in insulating non-magnetic undoped ZnO thin films by means of swift heavy 

ion irradiation.  

6.2 Experimental Details 

ZnO thin films have been deposited on single crystal c-plane sapphire in a pulsed laser 

deposition system using a KrF excimer laser (λ = 248 nm, τ = 25 ns) with a pulse energy 

density of 3-4 J/cm2 at a repetition rate of 10 Hz. The target-substrate distance was 

maintained at 4.5 cm during the film deposition. A high purity (5N) ZnO target was prepared 

using the conventional solid state reaction technique. Nonmagnetic plastic tweezers were 

used throughout the sample growth and characterization processes to avoid any magnetic 

contamination. The deposition chamber was evacuated to a base pressure of ~1x10-6 Torr 

prior to deposition. Epitaxial ZnO thin films, deposited on c-sapphire using pulsed laser 

ablation technique, were irradiated using 300 MeV 107Ag9+ ions of 1012 and 1013 ions/cm2 

dose in the Inter University Accelerator Centre Facility in New Delhi, India. The structure of 

these films was characterized by x-ray diffraction (XRD) using a Rigaku X-ray 

diffractometer with Cu Kα radiation (λ=0.154 nm) and a Ni filter.  Microstructural 

characterization was carried out using a JEOL-2010 field-emission transmission electron 

microscope (TEM) equipped with a Gatan image filter (GIF) tuning attachment. Hall 

measurements were performed using an Ecopia Hall measurement system, and Raman  
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measurements were carried out using a Horiba Jobin Yvon LabRam Aramis Microscope in 

backscattering geometry using a HeNe laser of 633 nm.  Room temperature Magnetic 

measurements were done using an alternating gradient magnetometer (Princeton 

Measurements Inc.).  

6.3 Results ad Discussion 

During ion irradiation, the deposition of a large amount of energy to the lattice occurs in a 

very short time through nuclear (Sn) and electronic (Se) energy losses. The Sn for 300 MeV 

107Ag9+ ions in ZnO is 0.03 KeV/nm, while the Se is 20 KeV/nm, as calculated from SRIM-

2008 calculations. Fig. 6.1 shows that the Nuclear stopping mechanism dominates at lower 

energy (< 3 MeV), whereas the electronic stopping is the dominant energy loss mechanism at 

higher energies. The nuclear stopping, which is an elastic process, creates interstitials and 

lattice defects through the transfer of energy to the target lattice causing atomic 

displacements. The inelastic electronic stopping transfers a large amount of energy to the 

ZnO lattice through the electron-photon interactions. According to the thermal spike, the 

temperature in a narrow cylindrical zone of ~ 10 nm around the ion tracks increases to the 

order of 1000K, which is above the melting point of ZnO.13 The rise in temperature is 

followed by a rapid thermal quenching (~1014 K/s) resulting a thermodynamic 

nonequilibrium process that can create point defects like oxygen vacancies and zinc 

interstitials. The electronic excitations are also known to cause breaking of chemical bonds 

due to the collisions between ions and electrons at high ion fluencies such as used in our 

study (1012 and 1013 ions/cm2). It can be seen from Fig. 6.1 that the projected range of the  
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Fig. 6.2 shows X-ray diffraction characterization (2θ-Intensity scan) of oxygen annealed and 

ion irradiated ZnO films at different doses of 1012 and 1013 ions/cm2. The films were grown 

at 550 °C and under an oxygen partial pressure of 10-5 Torr. Oxygen annealing was 

performed at 800 °C for 1 hour under 760 Torr. The XRD pattern shows that the films are 

highly epitaxial with a c-axis preferred orientation. It can also be seen that there is no 

substantial change in the (002) diffraction peak position and the peak width. However, the 

intensity of the peak slightly decreased in case of higher ion dose (1013 /cm2) indicating a 

very slight degradation of crystalline quality upon ion irradiation. The ion tracks were not 

observed in high resolution transmission electron micrograph, as shown in Fig. 6.3. It is to be 

noted that it was difficult to distinguish between the ion irradiation damage and the ion 

milling damage which arises during TEM sample preparation.  

The Wurtzite ZnO crystals belong to the space group C4
6v. Group theory predicts that for h-

ZnO there are six optical phonon modes, A1 + 2B1 + E1 + 2E2 at the Γ-point of the Brillouin 

zone. The polar A1 and E1 modes and two nonpolar E2 modes ( highE2 and lowE2 ) are Raman 

active, while the B1 modes are Raman inactive14. In the undoped oxygen annealed (800 °C, 1 

hr.) ZnO films, only highE2  and a second order phonon of 2 lowE2 are observed in the 

unpolarized Raman spectra in backscattering geometry at ~432 and ~ 330 cm-1, respectively. 
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however, of the results presented in Fig. 6.4 are the fact that two silent Raman modes appear 

and a drastic change in the intensity and broadening of E2 modes are observed after ion 

irradiation. The two silent Raman modes centered at 260 ( lowB1 ) and 552 cm-1 ( highB1 )15 are 

observed in the irradiated films by disordered-activated Raman scattering due to the 

breakdown of the translational crystal symmetry induced by defects. The spectrum of the 

irradiated films show that the intensity of the highE2  mode decreases drastically upon 

irradiation at 1012 cm-2 fluence and it disappears at 1013 cm-2. The inset of Fig. 6.5 shows the 

changes in the intensity of highE2  mode with ion dose. Besides the suppression of highE2  mode, 

it is also observed that the 2 lowE2 mode centered at 330 cm-1 show higher intensity in the 

irradiated films. It can also be seen that the highE2  mode disappears in vacuum annealed 

samples. Since the highE2  and lowE2  modes are associated respectively with the oxygen atoms 

and zinc sub-lattice16, a drastic reduction in the intensity of the highE2  mode and an increase in 

the intensity of the lowE2  mode indicate the creation of significant oxygen vacancies and zinc 

interstitials. The A1(LO) mode at 576 cm-1 is not clearly seen, likely because it partially 

overlap with a strong sapphire Eg mode at 578 cm-1. However, after Gaussian fitting with two 

peaks at 576 and 578 cm-1, it can be shown that the intensity of A1(LO) component increases 

in intensity after ion irradiation, which can be clearly seen from the broadening of the left 

shoulder of the peak of the irradiated films. The A1(LO) mode is also associated with the 

defects of oxygen vacancies, zinc interstitials, and free carriers.17 Hence, these results  

 

 



 

141 

indicate that swift ion irradiation and vacuum annealing creates significant concentration of 

defects, such as oxygen vacancies and zinc interstitials.   

Transmission spectra has been taken for the oxygen annealed films (before ion irradiation) 

and the films which were irradiated with 1012 and 1013 ions/cm2 dose. The bandgap of the 

alloys was determined using Tauc plots. The absorption coefficient, for direct interband 

transitions is given by the relation (αhν) = A0 (hν - Eg)
1/2, where hν is the photon energy, Eg is 

the bandgap, and A0 is a parameter associated with the transition probability. The absorption 

coefficient α is obtained by using the relation α = -(1/d) ln(T), where T is the transmittance 

and d is the thickness of the film. Fig. 6.5 shows the Plots of (αhν)2 versus hν of the ZnO 

films before and after ion irradiation. Band gap narrowing effect is observed in the ion 

irradiated samples, which is due to higher carrier concentration.    

 



 

F
an

     

Figure 6.4 R
nnealed ZnO

Raman spectr
O thin films. T

ra of oxygen
The peaks m

142 

n annealed, i
arked by ast
substrate.

ion irradiate
terisks (*) or

ed and oxyge
riginate from

en + vacuum
m the sapphi

 

m 
ire 



 

Fig

 

Magn

annea

sapph

550 

ferrom

150 O

 

gure 6.5 Plo

netic and tra

aled followe

hire substrate

°C and und

magnetism w

Oe. When th

ts of (αhν)2 v

ansport meas

ed by ion irr

e has been su

der a low o

with a satur

he films are a

versus hν for
irr

surements w

radiated ZnO

ubtracted us

oxygen part

ation mome

annealed at 8

143 

r the oxygen
radiated film

were perform

O thin films

sing the high

tial pressure

ent (MS) of ~

800 °C for 1 

n annealed (b
ms. 

med on the o

. The diama

h field slope.

e of 10-5 To

~ 1.7 emu/c

hour under 

(before irrad

oxygen anne

agnetic contr

 The ZnO fi

orr show ro

cm3 and coe

760 Torr of 

 

diation) and i

ealed and ox

ribution from

ilms grown a

oom temper

rcivity (HC)

f Po2 they be

ion 

xygen 

m the 

at  

rature 

) of ~ 

come  



 

144 

non-magnetic, as shown in Fig. 6.6(a). The free carrier concentration of as-grown films is ~ 

1019 cm-3, whereas the oxygen annealed films show a concentration of ~ 1015 cm-3. It can be 

seen from Fig. 6.6 (a) that the ferromagnetic ordering can be restored in the non-magnetic 

ZnO films by using swift heavy ion irradiation. It is important to point out here that the same 

sample has been used in the oxygen annealing and further ion irradiation experiments. The 

film which has been irradiated with higher dose (1013 ions/cm2) shows slightly higher 

saturation moments and coercivity. Ion irradiation at 1013 /cm2 dose results in an increase in 

the carrier concentration from ~ 1015 to ~ 1017 and a decrease in ρ from ~ 870 Ω-cm to ~ 6 Ω-

cm. This is likely to be attributed to incorporation of the shallow donor level induced by VO 

and/or VO-Izn pair. In contrast to ion irradiation, laser irradiation showed more dramatic 

effects on electrical properties, such as carrier concentration returned to ~1019 /cm3 after 

exposure to few laser pulses.8 Saturation magnetization and coercivity showed similar trend, 

i.e, both increased with an increase in ion dose and laser pulses. Similar bulk ferromagnetism 

has been achieved by vacuum annealing the oxygen annealed non-magnetic ZnO films. Fig. 

6.6(b) shows the room temperature hysteresis loops of the ZnO film which was annealed in 

oxygen first and then in vacuum to restore the magnetization. It can be seen that vacuum 

annealing for longer time results higher MS and HC. Vacuum annealing creates oxygen 

vacancies and longer time annealing at high temperature (800 °C) generates higher 

concentration of defects, and thereby enhances the ferromagnetic strength. Carrier 

concentration also increases by almost one order of magnitude when the annealing time in 

increased to 8 hours. We also observed that the restoration of ferromagnetism in an insulating  
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correlation between free carrier concentration and saturation moments. For example, ion 

irradiated samples (1013 ions/cm2) have higher MS than the vacuum annealed (8 hours), but 

the carrier concentration is almost 2 orders of magnitude lower. We also observed a strong 

temperature dependence of free carrier concentration in undoped ZnO films despite a MS 

which is relatively temperature independent over the temperature range of 10 – 300 K.9 

Similarly doping with up to 5% Al (n type) did not significantly affect the ferromagnetism 

even though it resulted in an increase in carrier densities of more than 3 orders of magnitude, 

rising from 1×1017 to 1.5×1020 cm−3.18  This lack of direct correlation between delocalized 

free carriers and saturation moments suggest that ferromagnetism does not arise from an 

itinerant mechanism in these undoped systems. However, In contrast to free carriers, the 

defect-bound carriers may have potential to adopt triplet ground state configuration.19    

6.4 Conclusion 

In summary, we have shown that upon swift heavy ion irradiation with 107Ag ions the optical, 

electrical and magnetic properties can be modified without any significant change in crystal 

structure by introducing defects in a controlled fashion. 300 MeV SHI can create point 

defects through electron-photon interactions, bond breakings and displacement damages. 

Raman measurements revealed that two silent modes lowB1  and 1
highB  appear upon irradiation 

due to relaxation of Raman selection rules. The drastic decrease in the intensity of highE2  

mode and an increase in 2
lowE  and A1(LO) indicate the creation of oxygen vacancies and zinc 

interstitials. We have demonstrated that ferromagnetism can be introduced in the insulating,  
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non-magnetic ZnO films by swift heavy ion irradiation. These results establish a strong 

correlation between RTFM and presence of non-equilibrium concentrations of radiation 

induced defects, which are effective in providing some degree of three-dimensional 

ferromagnetic ordering.     
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7. Effect of thickness, interface and oxygen annealing on ferromagnetic 

properties of undoped ZnO   

A systematic study of thickness dependency of the structural, electrical and magnetic 

properties of undoped ZnO thin films is presented in this chapter. The highest saturation 

moment (~36.75 emu/cm3) was observed for the thinnest films. Both the undoped and 5% Co 

doped ZnO films of different thickness (0.066–1.1 µm) showed a diamagnetic behavior upon 

oxygen annealing at 600 °C for 30 minutes. The effect of interface has been studied by 

creating multiple numbers of interfaces between ZnO and Cr2O3. Oxidative quenching of 

ferromagnetism has been studied at different oxygen pressures and temperatures. An 

activation energy has been determined which identifies oxygen vacancies as the key 

mediating defect in ferromagnetic ZnO thin films with concomitant creation of other defects 

such as zinc vacancies. We propose a model to explain room-temperature ferromagnetism 

involving all these types of defects.           

7.1 Introduction 

Recently defect mediated room-temperature ferromagnetism (RTFM) has been 

unambiguously detected in undoped ZnO thin films as well as in other undoped metal oxides, 

such as HfO2, TiO2, SnO2, In2O3.
1,2,3,4 These findings challenged the understanding of 

magnetism and led researchers to revisit the role of transition metal dopants in controlling the 

magnetism of semiconducting and insulating oxides. However, it has been noticed that the 

origin of ferromagnetic properties of these oxides has a strong correlation with low  
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crystalline quality, grain boundaries, strain and non-equilibrium point defects, such as 

oxygen vacancies (VO), zinc interstitials (IZn) and zinc vacancies (VZn). For example, 

Straumal et al.5 has established a correlation between magnetization and the volume 

occupied by grain boundaries in undoped and Mn-doped ZnO. Tietze et al.6 and Sundaresan 

et al.7 have suggested that oxygen defects are the intrinsic origin of magnetism. The 

film/substrate interface and the surface have also been claimed to be a possible source of 

FM.3,8,9 Earlier works on thickness dependent magnetization revealed that the total 

magnetization in ZnO (doped and undoped) and HfO2 did not scale with thickness of the 

sample.1,9,10 However, Tiwari et al.11 found an almost linear increase in total magnetization 

with thickness in Cu-doped ZnO. Hence, these studies never converged to a definite 

conclusion. Recently, Coey et al.12 suggested different possible distributions of defects, 

which includes a random distribution throughout the material, or nonhomogeneous 

distribution associated with spinodal decomposition, grain boundaries, interface and surfaces.  

In an attempt to elucidate the issues regarding the origin and distribution of defects 

responsible for RTFM, we have studied systematically the thickness variation, interface 

engineering, and a detailed oxidative quenching of films of different thickness including a 

kinetic decay of saturation moments.      

             

7.2 Experimental Details 

ZnO and Zn1−xCoxO (x=0.05) thin films were grown on the c plane of sapphire single crystal 

substrates by pulsed-laser deposition (PLD). The targets were prepared by the conventional  
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solid state reaction technique. A pulsed KrF excimer laser (λ=248 nm, τ=25 ns) was used for 

the deposition. The energy density and the repetition rate of the laser beam were 3-4 J/cm2 

and 10 Hz, respectively. The target-substrate distance was maintained at 4.5 cm during the 

film deposition. Non-magnetic plastic tweezers were used throughout the sample growth and 

characterization processes to avoid any magnetic contamination. The deposition chamber 

was evacuated to a base pressure of ~1x10-6 Torr prior to deposition. The structure of these 

films was characterized by x-ray diffraction (XRD) using a Rigaku X-ray diffractometer with 

Cu Kα radiation (λ=0.154 nm) and a Ni filter.  Microstructural characterization was carried 

out using a JEOL-2010 field-emission transmission electron microscope (TEM) equipped 

with a Gatan image filter (GIF) tuning attachment. Hall measurements were performed using 

an Ecopia Hall measurement system. Room temperature Magnetic measurements were done 

using an alternating gradient magnetometer (Princeton Measurements Inc.).  

7.3 Results and Discussion 

In these studies the crystalline nature of the ZnO samples was established using XRD and 

TEM studies. Fig. 7.1 shows the 2θ-Intensity scan of as-grown films of different thickness in 

the range of ~13 nm–2.4 µm. The films were grown at 550 °C and under oxygen partial 

pressure of 10-5 Torr. The full width at half maxima (FWHM) decreases from 0.766° to 

0.204° as the thickness of the films increases from 13 nm to 2.4 µm, while the (002) ZnO 

peak position increases slightly towards the single crystal bulk value of 34.44°. The thickness 

dependent stress may be due to possible annealing out of intrinsic point defects, such as zinc 

and oxygen interstitials, during the growth process.1 High dislocation density near the  
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KOe applied parallel to the plane of the substrate. The diamagnetic contribution from the 

substrate has been subtracted from all of the magnetization data. The thinnest film (~13 nm) 

shows the highest MS of ~36.75 emu/cm3, which drops to ~0.16 emu/cm3 for the thickest film 

(~2.4 µm). It is worth noting that the MS values presented here are the average of two sets of 

films grown under the same conditions. Kapilashrami et al1 found a transition from 

ferromagnetism to diamagnetism in the undoped ZnO films above 1 µm thickness. In 

contrast, we did not observe such a transition even at much higher thickness up to ~2.4 µm. 

However, the decrease in the MS (emu/cm3) with thickness clearly indicates that the defects 

responsible for RTFM in as-grown undoped ZnO films may not be uniformly distributed 

throughout the film.        
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To shed more light on the issue we studied the changes in the ZnO and Zn0.95Co0.05O films of 

different thicknesses upon annealing in oxygen. First, doping with 5% Co resulted in a 

decreased MS and coercivity compared to undoped ZnO. Antiferromagnetic coupling of Co 

atoms in a Co-O-Co configuration is considered unlikely as an explanation of the reduction 

of MS, since Co concentrations closer to ~10% are needed to obtain antiferromagnetic 

coupling.13 However, this might be explained by the decrease in carrier concentration from 

~1019 to ~1018 cm-3 due to the Co impurity deep levels that can trap the electrons.14 In this 

paper we believe in the school of thought that the Co atoms show a paramagnetic behavior 

and ferromagnetism is attributed to a spontaneously spin impurity band induced by oxygen 

vacancies and defects due to the transition metal doping.13 Four ZnO and Zn0.95Co0.05O films 

of different thickness were annealed at 600 °C for 30 minutes under oxygen pressure (Po2) of 

760 Torr. It can be seen from Fig. 7.2(b) that the MS values do not scale with the thickness 

for both the undoped and Co doped samples. The most interesting observation is that all the 

films of different thickness in the range of ~66 nm–1.1 µm become non-magnetic upon 

oxygen annealing at 600 °C for 30 minutes. At 600 °C the diffusion coefficient of O2 is 

estimated15 to be ~10-15 cm2/s, which corresponds to a diffusion length of ~30 nm for a 30 

min anneal. This clearly indicates a highly non-uniform distribution of oxygen vacancies 

throughout the as-grown films. Hsu et al16 demonstrated the role of grain boundary and grain 

defects on ferromagnetism in Co:ZnO films. The diffusion coefficient along grain boundaries 

is 3 to 4 orders of magnitude greater than oxygen bulk diffusion in ZnO, which means that 

the grain-boundaries provide a fast path for oxygen diffusion in ZnO.17 The existence of  
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grain boundary diffusion would give rise to diffusion distances that exceed the thickest film 

(~1.1 µm), which can explain the annihilation of magnetism under the above oxygen 

annealing condition. Since the magnetic moments do not scale with thickness of the films, 

the defects responsible for magnetism would seem to be located either at interface or at the 

surface. Certainly, the dislocation density at the interface is high, and these could be 

responsible for trapping the defects and giving rise to a constant magnetic moment, which is 

independent of film thickness.   

It has been speculated that most of the defects responsible for RTFM in undoped 

semiconducting and insulating oxide films are localized near the film-substrate interface due 

to the strain.8,9,10 However, strain due to lattice misfit cannot be a general explanation since 

the lattice strain relaxes in these films via misfit dislocation formation after a few monolayers 

of critical thickness. To elucidate this issue we have grown ZnO films with multiple numbers 

of interfaces with Cr2O3. Fig. 7.3 shows the XRD plot (θ-2θ) of the heterostructure, which 

had 5 interfaces between ZnO and Cr2O3. The inset of Fig. 7.4 shows the schematic diagram 

of such an epitaxial heterostructure. The total thickness of the ZnO layers and Cr2O3 layers 

were kept constant in all the films, whereas the number of interfaces between ZnO and Cr2O3 

was increased from 1 to 10. It can be seen from Fig. 7.4 that the saturation moments of all 

those films lie within the error bar. It is to be noted that the error bar was calculated from a 

large number of samples grown and measured under identical conditions.  

It has already been established in the earlier annealing studies at different temperatures (Po2 

of 760 Torr) that oxygen diffusion leads to quenching of magnetism in undoped ZnO films.4  
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Here we investigated the effect of Po2 on MS at a constant annealing temperature of 800 °C 

for 2 hrs. Fig. 7.5 shows that at low pressure (10-5 Torr) annealing the MS increases from the 

as-grown MS value (marked by *) and then decreases gradually with increasing the Po2. 

Above 100 Torr the films show a transition from ferromagnetism to diamagnetism. At low 

Po2 the effect of vacuum annealing is observed where oxygen vacancies are created leading 

to enhanced MS; at higher Po2 the oxygen diffusion 

 

Figure 7.3 XRD plot of ZnO/Cr2O3 multilayer on c-sapphire. The heterostructure has 5 
interfaces between ZnO and Cr2O3. 
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substitutional/interstitial mechanism, where substitutional oxygen atom transforms interstitial 

and vacancy which diffuses into the film and the interstitial finds a vacancy and thus 

quenching the oxygen vacancy. In our earlier work4 electron paramagnetic resonance study 

revealed the role of oxygen vacancies in controlling the magnetism in undoped ZnO in a 

reversible way. The magnetic moment in these films may arise from the unpaired 2p 

electrons at the O sites surrounding the zinc vacancy with each nearest-neighbor O atom 

carrying a magnetic moment ranging from 0.49 to 0.74 µB
20 and the oxygen vacancies may 

provide the coupling mechanism.   

7.4 Conclusion                                                                                                                                        

In summary, we have carried out a systematic study of the thickness dependency of the 

structural and electrical properties and correlated this with the defect-mediated magnetism in 

undoped ZnO thin films. Saturation moment was found to be highest for the thinnest film. 

We have shown that both ZnO and Zn0.95Co0.05O films of different thickness became 

diamagnetic upon annealing under the same condition, which indicates a highly non-uniform 

distribution of defects exist (VO) in the as-grown films. Trapped defects at the dislocations at 

the interface may cause magnetism in these films. A sequential transition from 

ferromagnetism to diamagnetism was observed upon annealing in oxygen above 100 Torr. 

The activation barrier for the quenching of ferromagnetism was determined to be close to that 

of oxygen diffusion in ZnO.               
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8. Reversible Ferromagnetic switching in Co and Mn doped ZnO thin films 

Here we report the structural, electrical, optical and magnetic properties of Co and Mn doped 

ZnO films with varying dopant concentration and demonstrated the reversible nature of 

ferromagnetism in these films by using either thermal annealing treatments or laser 

irradiation. Magnetization in Co and Mn doped films were found to be strong function of 

growth conditions. The saturation magnetization was found to be 0.08 µB/Co 0.05 µB/Mn. X-

ray diffraction and optical absorption experiments suggest a 2+ valance state and tetrahedral 

coordination for both Co and Mn ions. Vacuum annealing and laser irradiation increased the 

n-type conductivity without changing the wurtzite crystal structure. The laser-induced 

ferromagnetism and concomitant conductivity enhancement can be reversed through 

subsequent thermal annealing in an oxygen environment.  

8.1 Introduction  

Transition metal doped ZnO based diluted magnetic semiconductors (DMSs) are potential 

candidates for future generation of spintronic devices. Following the report of 

ferromagnetism in Mn:GaAs above 100 K by Ohno,1 there have been a flurry of studies 

aimed at achieving room temperature ferromagnetism (RTFM) in semiconducting materials. 

Interest in wide band gap semiconductors arose following the theoretical prediction by Dietl 

et al.2 that RTFM should be observed in heavily p-type (3 × 1020 cm−3) doped ZnO and GaN 

based DMS systems. In-fact RTFM has been reported in Mn3 and Co4,5 doped ZnO systems, 

although the materials were n-type. In contrast, Tiwari et al.6 observed only paramagnetic  
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behavior in Mn doped ZnO under different growth conditions. The experimental reports up to 

now have been very contradictory between research groups. Some groups observed no 

ferromagnetism at room temperature in Co doped ZnO.7,8 Others reported cobalt clusters as 

the origin of ferromagnetism.9 Recently Gacic et. al.10 investigated element specific magnetic 

moments in Co-doped laser ablated ZnO films using x-ray magnetic circular dichroism. The 

Co atoms show a paramagnetic behavior, and the ferromagnetism was attributed to a 

spontaneously spin impurity band induced by oxygen vacancies and defects due to the 

transition metal doping and/or interface stress with the substrate. Reversible ferromagnetism 

has been demonstrated in Co-doped ZnO by annealing in Zn vapor and oxygen atmosphere.11 

However, magnetization does not depend on free carrier concentration. Recent theoretical 

calculations by Pemmaraju et. al. revealed that magnetism originates from Co2+ oxygen-

vacancy pairs with a partially filled level close to the ZnO conduction-band minimum. The 

magnetic interaction between these pairs is sufficiently long ranged to cause percolation at 

moderate concentrations. Tuan et. al. found that vacuum annealed CoxZn1−xO films 

consistently showed weak ferromagnetic behavior and the saturation magnetization was 

observed to increase with conductivity, which in turn depended on the details of the post-

growth vacuum anneal.12 Kittilstved et. al. showed that ferromagnetism in Mn:ZnO 

nanocrystals capped with N-rich molecules can be enhanced by fast annealing.13 These 

results indicate that ferromagnetism in transition metal doped ZnO is strongly linked with 

ability to control the native point defects in the material. Defects alone may also be enough to 

give rise to ferromagnetism in undoped oxides, such as HfO2, TiO2, SnO2, In2O3,  
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ZnO14,15,16,17 However, the key factors controlling long-range ferromagnetic ordering in these 

materials were never unambiguously identified.  

In this chapter we have studied the structural, electrical, and magnetic properties of Co and 

Mn doped ZnO films. Cobalt and manganese concentration have been varied over a wide 

range. XRD and UV-Vis optical measurements confirmed the substitution of Co and Mn into 

the Zn lattice sites. We have shown that ferromagnetism in Co and Mn doped ZnO films can 

be reversibly switched “on” and “off” by using thermal annealing and laser irradiation 

treatments. Ferromagnetism has been linked to the point-defects structure.       

8.2 Experimental Details  

ZnO thin films doped with Co and Mn (1%, 3%, 5%, 10%, 15%, 20%, 30%) have been 

deposited on single crystal c-plane sapphire substrates using pulsed laser deposition (PLD). 

Powder targets of various compositions used were prepared by the conventional solid-state 

reaction technique. A KrF excimer laser (λ = 248 nm, τ = 25 ns) with a pulse energy density 

of 3-4 J/cm2 at a repetition rate of 10 Hz was used to deposit the thin films. The target-

substrate distance was maintained at 4.5 cm during the film deposition. Special care was 

taken to avoid any transition metal contamination, e.g. nonmagnetic plastic tweezers were 

used throughout the sample growth and characterization processes. Sapphire (0001) 

substrates were initially cleaned ultrasonically in acetone followed by cleaning in methanol 

before being transferred to the deposition chamber. A series of thin films were deposited for 

15 minutes at substrate temperature (Tdep) of 550 °C, and under an oxygen partial pressure  
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(Po2) of 10-5 Torr. The deposition chamber was evacuated to a base pressure of less than 

1×10-6 Torr before the deposition. Post-deposition annealing was carried out for 30 minutes 

in a high purity oxygen atmosphere at an annealing temperature of 600 °C. Vacuum 

annealing was performed at 10-5 Torr for 2 hours at 800 °C. Laser irradiation of the films was 

performed at room temperature in ambient air with a laser energy density of 0.2 J/cm2 and a 

frequency of 1 Hz for different numbers of pulses. The laser energy was kept below the 

threshold for melting, which was easily identified by the formation of cracks in the film. The 

structure of these films was characterized by x-ray diffraction (XRD) using a Rigaku X-ray 

diffractometer with Cu Kα radiation (λ=0.154 nm) and a Ni filter. Room temperature 

electrical resistivity measurements were conducted using a four point probe method and Hall 

measurements were performed using an Ecopia Hall Measurement system. Optical 

measurements (absorption/transmission) were made using a Hitachi Spectrophotometer. 

Magnetic measurements were carried out using an Alternating Gradient Magnetometer.  

 

8.3 Results and Discussion 

X-ray diffraction measurements done on Co and Mn doped ZnO films grown at 550 °C 

suggest that the films are highly textured with a c-axis preferred orientation. Fig. 8.1 shows 

the XRD (θ-2θ) scan of as-grown undoped and 30% Co doped ZnO films. A smaller step size 

of 0.02° and a longer time-per-step of 2 s were used for each scan. We found no evidence of 

segregation of any secondary phases up to 30% of doping concentration. Possible cobalt 

induced secondary phases are located in the range of 44.2-44.6° (2θ).18 Doping with 30% Mn  
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also did not result any segregation of secondary phases, as observed in XRD scans (Fig. 8.1). 

These imply that high concentration of these dopants can be uniformly incorporated into the 

film without phase segregation using PLD. With increasing Co doping concentration, the 

diffraction angle (2θ) shifts slightly to higher angle, while 2θ slightly decreases with increase 

in Mn doping concentration. This is consistent with the assumption that there is direct 

substitution of Zn by Co and Mn in these systems. The ionic radius of Co2+ (0.72 Å) is lower 

than that of Zn2+ (0.83 Å), while Mn2+ (0.91 Å) has higher ionic radius.19,20 This change of 

ionic radius causes the shifts in diffraction angle (2θ).  Fig. 8.2 (a) and (b) shows the XRD 

patterns of the oxygen annealing followed by vacuum annealing and oxygen annealing 

followed by laser irradiation (100 pulses) for 5% Co and 5% Mn doped ZnO films, 

respectively. No substantial change in (0002) diffraction peak intensity and full width at half 

maximum was observed in the laser irradiated films, indicating good crystalline quality of the 

films even after irradiation with 100 laser pulses. Within the detection limit of the x-ray 

diffraction apparatus there was no evidence of precipitation or impurity clustering in the 

films following laser irradiation and thermal treatments.   
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levels can ‘‘trap’’ the electrons emitted by the oxygen vacancy and Zn interstitital donors28, 

and thus reducing the carrier concentration. We did not find substantial changes in the 

conductivity of Mn doped as-grown samples, which is due to the fact that  Mn2+ state lies 

within the valence band of these materials.29 Carrier concentration in Mn doped samples 

strongly depends on growth conditions. At lower growth temperatures and oxygen partial 

pressures, the films show higher n-type carrier concentration. Post growth treatments, such as 

laser irradiation and thermal treatments were done on 5% doped (Co and Mn) samples. 

Oxygen annealed samples showed the highest resistance and lowest carrier concentration for 

both the Mn and Co doped ZnO films. Both vacuum annealing and laser irradiation resulted 

in an increase in the carrier concentration from ~1015 to ~1×1019 for the Zn0.95Mn0.05O films. 

However the Zn0.95Co0.05O films did not show such a huge increase. Under the same 

annealing condition and same number of laser pulses, the Zn0.95Co0.05O films resulted in an 

slight increase in the carrier concentration from ~1015 to ~8×1016. This could be due to the 

‘trapping’ effect of Co impurity, as mentioned earlier. The increase in carrier concentration 

in vacuum annealed and laser irradiated films is likely to be attributed to incorporation of the 

shallow donor level induced by VO and/or VO-Izn pair.  

Magnetic measurements were performed on as-grown Co and Mn doped ZnO thin films with 

varying dopant concentrations and on the 5% Co and Mn doped ZnO films subjected to post 

growth treatments, such as thermal annealing and laser irradiation. The diamagnetic 

contribution 
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substrate temperatures (Tdep) and oxygen partial pressures (Po2), significantly affect the 

magnetization in these materials. As shown in Fig. 8.8, the Zn0.95Co0.05O films grown at 200 

°C and under 10-6 Torr showed much higher magnetization compared to the film grown at 

800 °C and under 10-1 Torr Po2. A similar trend was observed for Zn0.95Mn0.05O films. At 

lower growth temperatures and lower oxygen partial pressures the concentration of native 

defects is high, resulting a higher magnetization. 

The effect of thermal annealing treatments and laser irradiation on RTFM was further 

explored in order to extend our investigation to understand the role of defects in controlling 

the ferromagnetism in both Zn0.95Co0.05O and Zn0.95Mn0.05O films. All the films turned non-

magnetic after annealing in oxygen (760 Torr) at 600 °C for 30 minutes, as shown by the 

linear plot in Figure 8.9 and 8.10. Ferromagnetic ordering can be switched between “off” and 

“on” states using thermal annealing treatments and laser irradiation. Oxygen annealed non-

magnetic films represent the “off” state. Ferromagnetic ordering can be turned “on” using 

both vacuum annealing and laser irradiation. In our case vacuum annealing was done at 800 

°C for 2 hours and films were exposed to laser radiation of ~ 0.2 J/cm2 for 100 pulses. Earlier 

we have shown by EPR studies that vacuum annealing creates oxygen vacancies in undoped 

ZnO films.33 Nanosecond laser pulses can also create these defects resulting in the return of 

ferromagnetic ordering and an increase in n-type conductivity. Ferromagnetism induced by 

laser irradiation and vacuum annealing was turned “off” by annealing in oxygen.  Similar 

switching of magnetization was achieved in undoped ZnO also.33,34 We would like to 

mention that our analysis assumes that the observed ferromagnetism does not arise from the  
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interaction among magnetic moments of the transition metal dopants (Co and Mn). 

Ferromagnetic ordering most likely is directly linked to defects, like oxygen vacancies.     

8.4 Conclusion 

In summary, we have systematically studied the structural, electrical, optical and magnetic 

properties of Zn1-xCoxO and Zn1-xMnxO (x = 0.01-0.3) thin films grown on c-sapphire by 

PLD. We did not find any secondary phases in the as-grown films of varying dopant 

concentrations. Thermally annealed and laser irradiated films also showed absence of any 

secondary phases. Optical absorption experiments suggest a 2+ valance state and tetrahedral 

coordination for both Co and Mn ions, indicating that they replace Zn ions in the wurtzite 

structure. Room temperature Hall measurements show that vacuum annealing and laser 

irradiation increase the n-type carrier concentration in Co and Mn doped ZnO films. The 

saturation magnetic moments were found to be a strong function of growth condition and not 

the dopant concentration. More non-stoichiometic films showed stronger magnetization. We 

have successfully demonstrated that reversible switching of RTFM can be achieved in Zn1-

xCoxO and Zn1-xMnxO (x=0.05). The “off” state was achieved by oxygen annealing and “on” 

state was achieved by vacuum annealing and laser irradiation.        
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9. Thin film epitaxy and magnetic properties of STO/TiN buffered ZnO on 
Si (001) substrates  

 

We report integration of epitaxial ZnO films with Si (001) substrates using a STO/TiN buffer 

layer. It has been demonstrated that the preferential orientation of a- (1120 ) and c-plane 

(0002) of ZnO can be controlled with deposition temperature and oxygen partial pressure. At 

lower substrate temperature ZnO grows solely in (0002) orientation, while ( 0211 ) orientation 

was dominant at high substrate temperature and low oxygen pressure. At higher pressure the 

(0002) orientation is preferred, while ( 0211 ) becomes weaker and a ( 2110 ) ZnO appears. 

Epitaxial relationships have been determined from XRD φ-scans and it was found that both 

c- and a-ZnO had two types of orientations due to cubic symmetry of STO buffer layer. The 

orientation relationship of c-ZnO on STO (001) was ZnO (0001) || STO (100); ZnO [ 0211 ] || 

STO [110] and ZnO [ 0121 ] || STO [ 101 ], while that of a-ZnO on STO (001) was ZnO ( 0211 ) 

|| STO (100); ZnO [1120 ] || STO [110] and ZnO [0002] || STO [110]. High resolution TEM 

studies revealed atomically sharp interfaces with no reaction at the interface. Reversible d0 

ferromagnetism was found to be present in both ZnO and STO layers. Our EELS studies 

conclusively rule out the presence of any external ferromagnetic ions or impurities. Taken 

together, our data indicate that the ferromagnetic order in these undoped oxides might be 

defect-mediated.   
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9.1 Introduction 

Zinc oxide is one of the most promising materials for spintronic and optoelectronic 

applications because of its unique physical properties, including a direct wide band gap and 

large exciton binding energy (60 meV), as compared to III-nitride semiconductors.1,2 

Traditionally high quality epitaxial ZnO have been grown on c- and r-Al2O3
3, SrTiO3 

(STO)4, LaAlO3
5 and MgO6. However, heteroepitaxial growth of zinc oxide on Si (001) can 

lead to integration of functionalities with improved and novel smart device structures. A 

direct growth of ZnO on Si (001) is still a technological challenge because of the formation 

of a native amorphous SiO2 layer, which can lead to growth of polycrystalline or textured 

ZnO thin films. To overcome this complication, different buffer layers, such as gallium 

nitride7, titanium nitride8, yttria-stabilized zirconia (YSZ)9 have been used to grow epitaxial 

ZnO on Si (111) substrates. In addition, tetragonal YSZ10 and STO/TiN11 have been used to 

integrate ZnO with Si (001). However, a detailed TEM study of the microstructure, including 

an assessment of the ZnO/STO/TiN interface quality, and a determination of the magnetic 

properties of each of the layers was never reported. The TiN/STO buffer layer combination is 

attractive since: (i) TiN can be grown epitaxially on Si (001); (ii) TiN also provides a good 

diffusion barrier; and (iii) TiN has a moderate planar and lattice match with STO, which in 

turn, has good planar match with ZnO.     

Recently room temperature ferromagnetism (RTFM) has been widely reported in undoped 

oxides, such as ZnO12,13, HfO2
14, TiO2

15, SnO2, and In2O3
16 containing no transition metal 

doping. The so called d0 ferromagnetism has challenged our understanding of the origin of  
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ferromagnetism in these undoped oxides. There is an emerging consensus that the observed 

ferromagnetism in undoped oxides may arise from oxygen vacancies.17,18 We have observed 

that undoped ZnO and STO can be made ferromagnetic by non-stoichiometric processing 

conditions and further that the magnetization can be extinguished upon high temperature 

oxygen annealing, which makes the films near-stoichiometric. 

In this chapter we first demonstrate that epitaxial growth of ZnO on Si (001) can be achieved 

using STO/TiN buffer layer grown by pulsed laser deposition (PLD) and studied the effect of 

substrate temperature (Tdep) and oxygen pressure (Po2) on preferential orientation of ZnO. 

We also establish the role of point defects, such as oxygen vacancies, and oxygen annealing 

in introducing and controlling ferromagnetism in ZnO and STO and TiN.   

 

9.2 Experimental Details 

The ZnO/STO/TiN/Si(001) samples were grown at different Tdep and Po2 in a multitarget 

PLD deposition chamber using a KrF excimer laser (λ = 248 nm, τ = 25 ns). Prior to 

deposition, silicon substrates were thoroughly cleaned with acetone, methanol and diluted 

hydrofluoric acid to remove the surface native oxide layer before being transferred to the 

deposition chamber. The target-substrate distance was maintained at 4.5 cm during 

deposition and the chamber was evacuated to a base pressure of 10-6 Torr. The pulse energy 

density of 3-4 J/cm2 at a repetition rate of 10 Hz was used to deposit the thin films. Post-

deposition annealing was carried out for 30 to 60 minutes in a high purity oxygen atmosphere 

at temperatures ranging from 700 to 900 °C. Similarly vacuum annealing was performed at 

10-5 Torr for 3 hrs. at 800 °C. The structure of the various films was characterized by x-ray  
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diffraction (XRD) using X’Pert PRO MRD HR x-ray diffractometer (Philips, Elindhoven, the 

Netherlands) with Cu Kα radiation (λ=0.154 nm). Microstructural characterization was 

carried out using a JEOL-2010 field-emission transmission electron microscope (TEM) 

equipped with a Gatan image filter (GIF) tuning attachment. Room temperature electrical 

resistivity measurements were conducted using a four point probe method and Hall 

measurements were performed using an Ecopia Hall Measurement system. Finally, magnetic 

measurements were carried out using an alternating gradient magnetometer (Princeton 

Measurements Inc.).    

      

9.3 Results and Discussion 

The initial TiN buffer layer was grown at 850°C and under 10-5 Torr of background pressure. 

X-ray diffraction revealed a TiN (200) at ~42.7°, indicating the epitaxial or highly textured 

nature of TiN films. A series of experiments were conducted to identify the optimal STO 

(001) growth condition.  Fig. 9.1 shows the θ-2θ XRD scans for STO/TiN/Si(001) 

heterostructures grown at different STO deposition temperatures, ranging from 600°C to 

800°C, under 10-2 Torr Po2. We see strong peaks corresponding to STO (100) and TiN (100) 

at all temperatures and then a weak STO (110) peak at 700°C and TiO2 at 800°C. An 

intermediate temperature (725°C) TiO2 (110) peak is absent and STO grows only in the (100) 

orientation, and hence 725°C was chosen as the optimal growth condition for the STO buffer 

layer.   
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10-5 to 10-1 Torr the ( 0211 ) orientation becomes weaker. At 10-3 Torr or higher Po2 a weak 

ZnO ( 2110 ) peak also appears, which increases in intensity as Po2 is increased, as illustrated 

in Fig. 9.2(b). Hence it is concluded that ( 0211 ) orientation is favored over (0002) at higher 

temperatures and low oxygen partial pressures. At higher Po2 the (0002) orientation is 

preferred, with traces of ( 0211 ) and ( 2110 ) ZnO. Previously epitaxial a-ZnO films on STO 

(001) substrates and on TiN buffered Si (001) have been reported.4,11,19 However, MOCVD 

grown c-orientated ZnO films were obtained on (001) STO substrates.20 It was shown that 

orientations of epitaxial ZnO are significantly affected by the roughness of the substrate. In 

thin film growth, crystallographic orientation of the film is determined by a complex 

interplay of chemical free energy, which depends on the bonding characteristics across 

film/substrate interface, and the film/substrate misfit strain energy. The variation of growth 

mode with substrate temperature and oxygen partial pressure could be related to the change 

in kinetic energy and hence the migration energy of the impinging species on the substrate. 

At low Tdep and high Po2 the atoms do not have sufficient energy to move around on the 

substrate. This could give rise to the preferred orientation of the lowest surface energy plane, 

i.e. c-ZnO. 

The effect of oxygen pressure on crystallographic orientation for oxide thin films 

deposited by PLD has been discussed previously in literature.21,22,23 Strain energy associated 

with nonstoichiometric point defects and decreased kinetic energy of the ablated species with 

increased Po2 have been used to control the crystallographic orientation of the oxides. To 

investigate the effect of Po2 during nucleating stage, first 500 pulses were deposited at 900°C  
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in 10-5 Torr (deposition conditions that favors a-ZnO) and then followed by 5500 pulses 

deposited in 10-1 Torr, which should favor ZnO (0001) growth. It can be shown from Fig. 9.3 

that under these conditions a-ZnO was observed, which was previously obtained only under 

low pressure (10-5 Torr) deposition condition (Fig. 9.2(b)). In contrast, when the first 500 

pulses were deposited at 10-1 Torr, and the remaining 5500 pulses were in 10-5 Torr the 

intensity of a-ZnO was very weak, as one would expect under high Po2 deposition condition. 

Thus, the preferred crystallographic orientation was found to be determined by the oxygen 

pressure present during nucleation stage of ZnO. These findings indicate that oxygen 

pressure present during ZnO film nucleation is the key factor controlling the final 

crystallographic orientation of the film.       

The in-plane orientations of STO and ZnO layers in the ZnO/STO/TiN/Si(100) 

heterostructure was established by XRD φ-scans, where number of planes of a particular 

family having the same angle with the film surface is represented by the number of peaks. 

Fig. 9.4 shows the φ-scan plots for a c-plane ZnO/STO/TiN/Si(100) heterostructure. The φ-

scan of c-ZnO was performed at 2θ=36.2° and ψ=61.6°, which corresponds to the (101) 

plane of hexagonal ZnO. It is seen from Fig. 4 that 12 strong symmetrical peaks appear with 

azimuthal interval of 30°. The 12 peaks originate from the two epitaxial orientations of the 

six fold {101} family, which are rotated by 30° (or 90°) against each other. The cubic 

symmetry of (001) STO gives rise to a pair of equivalent orientations, as shown 

schematically shown in Fig. 9.5(a). Fig. 9.5(b) illustrates the stereographic projections  
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the normals of ZnO { 1110 } plane on ZnO ( 0211 ). The φ-angle can be solved using the 

following two equations or it can be directly obtained from the JEMS program.24,25        

2
1 2 1 2 1 2 1 2 1 2

2 2 2 2 2 2 2 2
1 1 1 1 1 2 2 2 2 2

1

0

(1/ 2)( ) (3 / 4)( / )
cos , (1)

(3 / 4)( / ) (3 / 4)( / )

sin( / 2)
2sin , (2)

sin

h h k k h k k h a c l l

h k h k a c l h k h k a c l







   


      

 
  

 

      

where 0  is the angle between { 1110 } and ( 0211 ) planes of ZnO. From the above calculation 

it is found that the φ-angle between ZnO { 1110 } planes alternates by ~86° and ~94°. Fig. 6 

shows one set of ZnO ( 1110 ) peaks (marked by *) with the φ-angle separation of ~86° and 

~94°. The other set of ZnO ( 1110 ) peaks originate due to square lattice of STO (001) with 90° 

rotation to the former set, as illustrated in Fig. 9.6. This explains that the ~4° split in the ZnO 

( 1110 ) peaks is to be due to two equivalent growth orientations in the plane of the STO (001) 

square lattice. The previous explanation of a ±2° misalignment of ZnO ( 0211 ) with STO 

(001) seems to be unnecessary to interpret the ~4° split in φ-angle26,27. The position of STO 

(110) peak and ZnO ( 1110 ) peak at the same angle in the φ-scan indicates that [1120 ] 

direction of ZnO is parallel to [110] direction of STO. The atomic arrangement is shown in 

Fig. 9.7(a), where diagonal of STO matches well with c-axis and hexagon apothem of ZnO. 

The lattice misfit along the STO [110] direction is ~2% (( 3 aZnO- 2 aSTO)/ 2 aSTO), 

whereas along the [110] it is ~6% ((cZnO- 2 aSTO)/ 2 aSTO).     
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cross section TEM images from (a) TiN/Si(001) interface and (b) TiN/STO interface. Si, TiN 

and STO are in the [110] zone. The inset shows the indexed electron diffraction pattern 

obtained from TiN/STO interface. The HRTEM image of the interface shows that the 

interface is very sharp, without any reaction layer at the interfaces. The cross section 

HRTEM image from ZnO/STO interface is shown in Fig. 9.10. Both a- and c-ZnO are shown 

with their corresponding fast Fourier transform patterns. c-ZnO and a-ZnO are in the [2110]  

and [0001] zone, respectively. The ZnO/STO interface is atomically sharp, with no evidence 

of any significant interdiffusion. 

A detailed chemical analysis of the as-grown STO layer was performed using EELS. Fig. 

9.11 shows the EELS spectra of the as-grown STO layer in the range of 450-875 eV.  In the 

higher energy loss region the only observed edges are those of the oxygen K edge at ~532 eV 

and the titanium L2,3 edges at ~456 and 462 eV, respectively. The inset in Fig. 11 shows the 

EELS spectra of as-grown ZnO layer (Tdep = 900°C, Po2 = 10-5 Torr) in 400-1300 eV range, 

where only observed edges are the oxygen K edge and the zinc L2,3 edges at ~1020 and 1043 

eV, respectively. Magnetic impurities such as Fe, Co, Ni which would be located in the 

energy range of 640 to 855 eV are not observed. It is clear from the EELS spectra that no 

magnetic impurity was found within the detection limit of the EEL spectrometer, which is 

parts per million (ppm).  

Magnetic measurements were performed on different as-grown layers of 

ZnO/STO/TiN/Si(001) heterostructure and annealed in different atmosphere. The 

diamagnetic contribution from the Si substrate has been subtracted using the high field slope.  
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Fig. 9.12(a) shows the room temperature hysteresis loops of ZnO/STO/TiN/Si(001) 

heterostructure with ZnO grown at 900°C Tdep and under different Po2. It can be clearly seen 

that films grown at higher Po2 showed lower Ms. A higher Po2 during film growth causes a 

reduction in the concentration of oxygen vacancies, resulting in a more stoichiometric film, 

and hence a lower Ms. This clearly  

establishes a similar correlation between oxygen vacancy concentration and the observed d0 

ferromagnetism that we observed in earlier studies. We have found a similar Po2 dependence 

on Ms for epitaxial ZnO films grown on c-sapphire.12 These ZnO films grown under different 

PO2 had coercivity in the range of 60 to 80 Oe. We have also observed that the as-grown 

STO films on TiN buffered Si(001) substrates shows room temperature ferromagnetism, as 

illustrated in Fig. 12(b). Since we did not find any ferromagnetic impurity in our EELS study, 

we conclusively rule out the possibility of any external source of observed RTFM. It is worth 

mentioning that special care was taken to avoid any transition metal contamination, e.g. 

nonmagnetic plastic tweezers were used throughout the sample growth and characterization 

processes. The effect of oxygen and vacuum annealing on RTFM was further explored in 

order to extend our investigation to understand the role of defects in controlling the 

ferromagnetism in the undoped STO films. Fig. 12(b) illustrates the reversible nature of 

RTFM in STO films. Annealing in oxygen atmosphere (760 Torr) at 700°C for 30 mins 

completely removed the observed ferromagnetic behavior. We have observed that longer 

annealing in oxygen at lower temperature (~500°C) results in lower Ms values, e.g. the Ms 

for the samples annealed at 500°C for 2 hrs. is lower than the sample annealed for 30 min.  
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vacancies are responsible for the RTFM. The observed moment in as-grown STO films 

would correspond to ~1018 atoms/cm3 of a ferromagnetic impurity having a moment of 6 

µB/atom. This amount of impurity is well above the detection limit of EELS analysis. Based 

on these results we conclude that transition metal impurity levels are too low to account for 

the observed ferromagnetic properties in these films. Fig. 9.12(c) shows the schematic 

diagram illustrating the reversibility of RTFM of both the ZnO/STO/TiN/Si(001) and 

STO/TiN/Si(001) heterostructures. Oxygen annealing at 700°C for 30 min. resulted a 

transition from ferromagnetism to diamagnetism in the ZnO thin films. Vacuum annealing at 

800°C for 3 hrs. restored the RTFM in oxygen annealed diamagnetic films. Similar reversible 

behavior was obtained in undoped ZnO films grown on c-sapphire by adopting a novel laser 

irradiation treatment30 and a thermal treatment.12  
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9.12(d) shows that the epitaxial TiN on Si(001) did not show any ferromagnetic 

characteristics. After annealing the TiN film under oxygen pressure of 10-1 Torr at 700C for 

30 mins, the XRD peak of TiN at ~42.8° disappeared and a peak at ~27.6° appeared, which 

corresponds to TiO2 (110). Oxygen annealed TiN films showed a clear room temperature 

ferromagnetic behavior, as illustrated in Fig. 9.12(d). Hysteresis loops for both before and 

after background subtraction are shown. Previously oxygen-defect-induced magnetism was 

reported in semiconducting TiO2-δ films.15 It is very likely that a non-stoichiometric 

oxidation of TiN results a ferromagnetic TiO2-δ. 

 

9.4 Conclusion 

In summary, we have shown that zinc oxide thin films can be epitaxially grown on Si(001) 

substrates using a STO/TiN buffer layer. Growth of epitaxial zinc oxide thin films directly on 

silicon substrates is difficult as an amorphous layer forms easily at the interface, resulting in 

the growth of polycrystalline films. On the other hand, epitaxial TiN can be grown on silicon 

without removing the native oxide. Growth conditions of STO on TiN (200) has been 

optimized to obtain a single STO (100) orientation. It was found that both a-plane (1120 ) 

and c-plane (0002) oriented ZnO films grow on STO (100) layer, where degree of orientation 

can be controlled with deposition temperature and oxygen partial pressure. ZnO grows solely 

in (0002) orientation at lower substrate temperatures. A ( 0211 ) orientation was dominant at 

high substrate temperatures and low oxygen pressures. At higher Po2 the (0002) orientation is 

strongly preferred, although some traces of ( 0211 ) and ( 2110 ) ZnO are present. Detailed  
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XRD φ-scans were performed on all the layers to determine the epitaxial relationships. Two 

types of orientations were found in both c- and a-ZnO due to cubic symmetry of STO buffer 

layer. High resolution TEM studies revealed the atomically sharp interfaces with no reaction 

at the interface. The EELS analysis on the STO layer showed the absence of any 

ferromagnetic impurity down to the resolution limit of analysis technique. We have 

successfully demonstrated the reversible ferromagnetism in STO and ZnO. It was found that 

ferromagnetism is always correlated with conditions that lead to films which are 

substoichiometric in oxygen; while stoichiometric films always tend towards diamagnetism. 

TiN films showed ferromagnetic characteristics after an oxidation at 700°C under 10-1 Torr 

for 30 mins. All of these results have clearly established that for undoped oxides there is a 

strong correlation between RTFM and presence of trapped non-equilibrium concentrations of 

defects (vacancies, dangling bonds). It is concluded that there exist defect assisted 

mechanisms that both introduce magnetic moments and lead to the occurrence of long-range 

ferromagnetic ordering in these films at room temperature even in the absence of other 3d 

transition metal ion dopants.   
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10. Conclusions and Suggestions for Further Work 

 

The research in this dissertation focuses on investigation of defect mediated 

ferromagnetism in undoped and transition metal doped ZnO thin films and its correlation 

with other physical properties. We have systematically studied the structural, chemical, 

electrical, optical and magnetic properties of undoped ZnO thin films grown on c-sapphire by 

PLD under different growth conditions and annealed in different ambients. The magnetic 

properties of the nominally pure ZnO samples have been found to depend strongly on 

processing conditions and post-growth annealing treatments. TEM studies have ruled out the 

presence of any magnetic precipitates and second phases as the source of the magnetism.  

SIMS and EELS analysis indicated that transition metal contamination (Fe and Mn with 

lesser amounts of Ni and Co) in the pure ZnO samples was below 10 ppm. We have found 

that ferromagnetism is always correlated with conditions that results in films that are 

substoichiometric in oxygen; while stoichiometric ZnO films always tend towards 

diamagnetism. Here, we have successfully demonstrated reproducible switching between 

“off” and “on” ferromagnetic states using oxygen annealing in combination with either laser 

irradiation or vacuum annealing treatments. High temperature annealing in oxygen brings the 

films to near-stoichiometric conditions and appears to relax the intrinsic residual stress 

resulting from the presence of point defects. A suspected decrease of oxygen vacancies upon 

oxygen annealing has been confirmed in our own XPS studies. Detailed room temperature 

Hall measurements reveal that the resistivity and carrier concentration of undoped films also  
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vary with growth conditions and can be switched “off” and “on” by employing high 

temperature oxygen annealing and further vacuum annealing, respectively. But, studies on 

the transition-metal-doped samples have shown that magnetism does not correlate with 

neither resistivity nor carrier concentration. Cobalt doped (>15%) ZnO samples were found 

to be highly resistive, but their saturation magnetic moments are very similar to the low 

resistive films, i.e. undoped and Co-doped (<15%). we have discovered that pulsed laser 

irradiation at low laser energy densities, just below the level where melting occurs, can be an 

effective way of introducing defects into ZnO that lead to room temperature ferromagnetism.  

This would appear to provide a means of patterning ZnO surfaces with magnetic and 

diamagnetic features. The magnetic moment increases with the number of laser pulses up to 

about forty hits and then saturates and/or begins to tail off. The laser-irradiated samples also 

show a significant increase in n-type electrical conductivity and an increase in free carrier 

concentration. The induced ferromagnetism can be reversed upon thermal annealing in pure 

oxygen. We believe that nanosecond laser irradiation introduces a large population of 

vacancies (particularly oxygen vacancies) and dangling bonds. These in turn introduce donor 

states that explain the increase in free carrier densities, and unpaired electrons (e.g. electron 

spins in oxygen atoms in tetrahedron sites around zinc vacancy) that introduce localized 

magnetic moments.   

EPR measurements indicate the presence of a broad peak at g=2.01. This would be 

most consistent with the magnetic moment arising from the oxygen vacancies (g=1.996), 

although the possible contribution from Zn vacancies (g=2.013) cannot be entirely ruled out.  
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We believe that the long-range magnetic exchange interaction that leads to the 

ferromagnetism is actually mediated by the oxygen vacancies which form bound magnetic 

polarons that effectively couple nearby moments. The occurrence of ferromagnetism in some 

other transparent oxides has been explained by the above mentioned mechanism. 

 We have also shown that upon swift heavy ion irradiation with 107Ag ions the optical, 

electrical and magnetic properties can be modified without any significant change in crystal 

structure by introducing defects in a controlled fashion. 300 MeV SHI can create point 

defects through electron-photon interactions, bond breakings and displacement damages. 

Raman measurements revealed that two silent modes lowB1  and 1
highB  appear upon irradiation 

due to relaxation of Raman selection rules. Drastic decrease in the intensity of highE2  mode 

and an increase in 2
lowE  and A1(LO) indicate the creation of oxygen vacancies and zinc 

interstitials. We have demonstrated that ferromagnetism can be introduced in the insulating, 

non-magnetic ZnO films by swift heavy ion irradiation. 

 We have carried out a systematic study of thickness dependency of the structural and 

electrical properties and correlated with the defect-mediated magnetism in undoped ZnO thin 

films. Saturation moment was found to be highest for the thinnest film. We have shown that 

both ZnO and Zn0.95Co0.05O films of different thickness became diamagnetic upon annealing 

under the same condition, which indicates a highly non-uniform distribution of defects exist 

(VO) throughout the as-grown films. A sequential transition from ferromagnetism to 

diamagnetism was observed upon annealing in oxygen above 100 Torr. The activation barrier  
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for the quenching of ferromagnetism was determined to be close to that of oxygen diffusion 

in ZnO. The structural, electrical, optical and magnetic properties of Zn1-xCoxO and Zn1-

xMnxO (x = 0.01-0.3) thin films grown on c-sapphire by PLD were carried out. We did not 

find any secondary phases in the as-grown films of varying dopant concentrations. Thermally 

annealed and laser irradiated films also showed absence of any secondary phases. The 

saturation magnetic moments were found to be a strong function of growth condition rather 

than the dopant concentration. More non-stoichiometic films showed stronger magnetization. 

We have successfully demonstrated that reversible switching of RTFM can be achieved in 

Zn1-xCoxO and Zn1-xMnxO (x=0.05). The “off” state was achieved by oxygen annealing and 

“on” state was achieved by vacuum annealing and laser irradiation.       

All of these results have clearly established that for ZnO there is a strong correlation 

between RTFM and presence of trapped non-equilibrium concentrations of defects 

(vacancies, dangling bonds and other radiation induced defects). It is concluded that there 

exist defect assisted mechanisms that both introduce magnetic moments and lead to the 

occurrence of long-range ferromagnetic ordering in ZnO films at room temperature even in 

the absence of other 3d transition metal ion dopants.  We have forwarded what would seem 

to be a plausible explanation for this observed behavior.  But, we have not been able to 

conclusively identify the exact defect states that are producing the magnetism in ZnO. 

However, we have clearly captured the phenomenology and hope that this will help others in 

the future to finally identify the exact mechanisms that lead to magnetism in both pure and 

transition-metal doped ZnO films. 

 



 215

Finally we have successfully demonstrated the epitaxial growth of ZnO on Si (001) 

substrates using a STO/TiN buffer layer. It has been shown that TiN can be grown epitaxially 

on silicon substrates. It was found that both a-plane (1120 ) and c-plane (0002) oriented ZnO 

films grow on STO (100) layer, where degree of orientation can be controlled with 

deposition temperature and oxygen partial pressure. ZnO grows solely in (0002) orientation 

at lower substrate temperatures. A ( 0211 ) orientation was dominant at high substrate 

temperatures and low oxygen pressures. Detailed XRD φ-scans were performed on all the 

layers to determine the epitaxial relationships. Two types of orientations were found in both 

c- and a-ZnO due to cubic symmetry of STO buffer layer. High resolution TEM studies 

revealed the atomically sharp interfaces with no reaction at the interface. We have 

successfully demonstrated the reversible ferromagnetism in STO and ZnO. It was found that 

ferromagnetism is always correlated with conditions that lead to films which are 

substoichiometric in oxygen; while stoichiometric films always tend towards diamagnetism. 

 

To be able to make a successful transition into practical and efficient devices, a 

detailed understanding of the origin of the magnetism is required. Hence a detailed 

quantitative and qualitative modeling of the mechanism operative in mediating long range 

ferromagnetic ordering in these material systems is very essential if we want to tune their 

properties according to our use. Some of the suggestions for further work are as follows:  

1. Our observed peak in EPR spectra has a wide (80G) line width, which could be 

due to overlap of VZn and VO peaks. It is necessary to use higher frequency to  
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resolve it. That would verify the role of VZn in mediating magnetism in undoped ZNO 

films. 

2. Detailed high resolution EELS study is necessary for the ion irradiated samples to 

study the chemical composition along the ion tracks, which could be correlated 

with the magnetic properties. 

3. To obtain a higher spin injection efficiency and lower interface scattering layered 

structures of oxygen annealed ZnO and laser irradiated ZnO would be interesting 

to investigate.         
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