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ABSTRACT 

The tailoring of spins as well as charge in semiconductors is the centralitheme of era of 

spintronics. Prototype spintronics devices uses carrierrdopantomagnetic exchange interactions in 

magnetically doped semiconductors called Dilute Magnetic Semiconductors (DMS) to tailor 

either spinopolarizations of host material or spin of the dopantsoitself. Zinc Oxide being a 

potential host material for DMS has attracted researchers for its various electronics and 

optoelectronic applications. In this work ZnO has been used as a host material for DMS with two 

dopants CoO and NiO. The study has been divided in four main objectives.  

Firstly, ZnO has been explored by applying two annealing techniques i.e. conventional annealing 

and multistep annealing. These annealing techniques differ in their growth mechanisms and hence 

lead to different grain growth kinetics. Annealed samples have been structurally explored by X-

Ray diffraction technique & Raman Spectroscopy. The diffusion equations have been solved to 

understand the grain growths and diffusion of intrinsic defects. A grain growth model has been 

briefly discussed in this objective. 

Secondly, as grain growth kinetics was different in both the annealing techniques the defect 

distribution within the grain will also be different for both the cases. So, the defect distribution 

due to conventional annealing has been explored extensively by means of Photoluminescence 

spectroscopy, UV-Visible spectroscopy and Fluorescence imaging. The chemical nature of the 

defects has been investigated by means of Electron Paramagnetic Resonance. Further the 

magnetic properties were studied by Vibrating Sample Magnetometery. The undoped ZnO 

samples were found to exhibit room temperature ferromagnetism till annealing temperature 

1000ºC whereas a sharp diamagnetism has been observed at 1100ºC. The distributions of defects 

from emissions and origin of ferromagnetism have been discussed in this objective.  

Thirdly, the defect distributions due to multistep annealing have been studied. It was found that 

distributions of intrinsic defects within the grains are opposite to that in conventional annealing. 

The same characterization techniques have been employed for multistep annealed samples. 

Selectively enhanced emissions from defects are the major outcome of this objective. 

Lastly, a material for spin aligner has been developed. ZnO has been doped with CoO and NiO 

using solid state reactions and has been explored extensively for structural and magnetic 

properties. Low temperature EPR measurements were performed to detect the effect of Co ion 



xiv 

and Ni ions introduced in the lattice of ZnO. The Co clustering has been reported in this objective 

and unwanted Mn and Co in Ni doped samples. 
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1.1 Introduction 

There has been a great deal interest in Zinc Oxide (ZnO) semiconductor as a prominent host for 

Dilute Magnetic Semiconductor (DMS) because of its optoelectronic applications. Its direct wide 

band gap of 3.37 eV at low temperatures and 3.34 eV at room temperature (RT) makes it a 

promising candidate for blue-ultraviolet and white light emitting diode. It is a multifunctional 

material and possesses potential applications in diverse areas like varistors, piezoelectric 

transducers, transparent conduction films, light emitting diodes etc [1-4]. ZnO has a large 

excitons binding energy of 60 meV which makes it more suitable than GaN (24.7 mev), ZnS 

(36meV) and ZnSe (21 meV) for applications based on excitonic effects at room temperatures 

[5]. The most practical advantage of ZnO from industrial point of view is its abundant 

availability, low cost and low toxic behavior. Due to the low toxicity it is also used as diet 

supplement in animal feeds [6]. ZnO is not really a new-fangled material for research but has 

been explored by many groups for decades. Research in ZnO followed a roller coaster pattern as 

there is no clear consensus on its grain growth and defect distributions.  

1.2 Crystal Structure of ZnO 

 

Figure 1.1: Hexagonal wurtzite structure of ZnO (https://www.wikipedia.org/). 
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Zinc oxide crystallizes in three forms: Hexagonal Wurtzite, CubicoZincoblende and Rocksalt. 

Under ambient conditions the thermodynamicallyostable structure of ZnO is Hexagonal wurtzite 

structure as shown in figure 1.1. The electro negativity values of O-2 and Zn+2 are 3.44 and 1.65, 

respectively resulting in very strong ionic bonding between Zn+2 and O-2. It has two lattice 

constants a, c where a = 3.25Aº and c = 5.2Aº; and theiroratio c/a ≈ 1.60 which is close to the 

ideal value of hexagonal cell i.e. c/a = 1.633. The wurtzite structure belongs to space group 

P63mc. The Zn and O share typically sp3 hybridized covalent bonds. Each sub lattice includes 4 

atoms per unit cell & each atom one kind (group II) is surrounded by 4 atoms of the other kind 

i.e. (Group IV) and vice versa.  

1.3 Native defects in ZnO 

Intrinsic defects of the crystal are its imperfections which arises from migration, diffusion or 

removal the constituent elements from their original sites. First type of intrinsic defects consists 

of atoms missing at the respective lattice sites i.e. creation of vacancies like Oxygen Vacancies 

(Vo) and Zinc vacancies (VZn). Secondly, extra atoms occupying the interstitial positions in the 

unit cell are called interstitial defects like Zinc interstitials (Zni) and Oxygen interstitials (Oi). 

Thirdly, an atom occupying the original lattice site of other atom are called antisite defects as in 

case of ZnO, O occupying the Zn lattice or vice versa called antisite Zinc or antisite Oxygen 

(ZnO or OZn).These defects affect the optical, electrical and the magnetic properties of 

semiconductor. All the intrinsic defects depend on the growth kinetic and processing techniques 

of the material. The native defect Vo & Zni has been often believed to be the source of 

unintentional n type conductivity [7]. ZnO has a direct band gap where its conduction band (CB) 

is formed out of 4s level of Zn and valence band (VB) is made up of 2p orbital of O. The 

electronic levels of all the intrinsic defects has been studied extensively by local density 

approximation (LDA) along with Hubbard parameter (U) and density functional theory (DFT) 

but there exist no firm consensus on their origins and their locations in the band gap. 

Jannoti reported the native defects of ZnO theoretically and calculated their formation energies 

in Zn rich conditions using different approaches LDA and LDA+U as shown in Table I [8]. 
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Defect Charge 

state 

ELDA(eV) ELDA+U(eV) 

 

Vo 

0 0.69 1.34 

+1 0.64 0.81 

+2 -0.37 -0.60 

 

Zni 

0 2.76 3.62 

+1 1.32 1.56 

+2 -0.10 -0.45 

 

VZn 

0 5.94 6.39 

-1 6.02 6.49 

-2 6.31 6.94 

 

Oi 

0 6.36 6.83 

-1 6.63 6.83 

-2 7.49 8.28 

 

Zno 

0 3.43 4.98 

+1 1.81 2.74 

+2 0.22 0.53 

+3 0.48 0.44 

+4 0.14 -0. 13 

 

OZn 

0 9.94 10.04 

-1 10.53 10.88 

-2 11.08 11.76 

 

Table I: Formation energies of intrinsic defects in Zn rich conditions [8]. 

 

1.3.1 Oxygen vacancies  

Vo can be believed as O atom being missing from its original lattice site. Electrons which seems 

bound to the missing O atoms can be viewed as coming from 4 nearest Zn atoms. From table-I 

we can see that formation energy of 𝑉𝑜
+ even under Zinc rich condition is 0.81 eV which is small 
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as compared to other defects. This means that Vo can be easily formed and concentration of Vo
+ 

will be more under equilibrium conditions.  

Electronic structure of Vo comprises of four dangling bonds (sp3) and two electrons. Vo exist in 3 

charged states i.e. neutral Vo, Vo
+1 and Vo

+2, where Vo and Vo
2+ are more stable than Vo

+. In 

neutral charged state of Vo the 4 neighboring Zn shifts inward by around 12% of 

equilibriumoZn-O bond length as shown in figure 1.2.  

 

Figure 1.2: Ball & stick illustration of the local atomic relaxations around the Vo , Vo
+ and Vo

2+  [10]. 

 

In case of Vo
+ charged state the Zn atoms relax in outward direction by 2% and for Vo

2+ charged 

states by 23% respectively as shown in figure 1.2. Based on theoretical calculations of Janotti the 

neutral Vo has low formation energy of ≈ 1.34eV. They found that in n-type ZnO migration 

barrier of Vo is 2.4eV. Erhart and Albe also reported that migration barriers of Vo is 2.55ev (out 

of plane) and 1.87eV (in plane) [9]. The high migration barrier of 2.4eV meaning that Vo 

undergoes little diffusion at room temperature but annealing at higher temperatures may lead to 

rigorous movement of Vo. The emission of Vo in the visible region is positioned in green region 

as predicted by many authors. 
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1.3.2 Zinc Interstitials 

Zni are believed as Zn atoms on the interstitial positions. Zni are shallow donors and their 

position lie 0.5eV below the conduction band minima (CBM). The formation energy of 𝑍𝑛𝑖
+ is 

1.56 eV and Zni is 3.62 eV, which is quite high even under Zn rich conditions whereas the 

migration barriers as predicted by them are low of the order of 0.57 eV. This theoretical value of 

migration barrier is also in good agreement with experimental migration barrier of 0.55 eV as 

reported by Thomas who heated the crystals in the Zinc vapors followed by rapid quenching 

[11]. The migration of  𝑍𝑛𝑖
+ is also predicted to be isotropic as the difference of 0.05eV was 

found for paths parallel and perpendicular to c axis of the hexagonal wurtzite structure. The 

lower value of migration barrier means that Zni have less possibility to occur as isolated Zni. It is 

likely that they either diffuse out of the material or bind with other intrinsic defects centers or 

impurities.  

Electronically speaking there are two major lattice sites for Zni in Hexagonal Wurtzite ZnO i.e. 

Tetrahedral and octahedral sites. The Zni usually occupies octahedral sites as they are more 

stable than tetrahedral sites. Stability of the Zni is brought about by the fact that, at the 

tetrahedral site, it is situated at a distance of roughly 0.833 d0.  d0 is the bond length of Zn–O 

alongoc-axis) and has one Zn and one O as the nearest neighbors, while in the octahedral site, it 

is at a distance of approximately 1.07d0 and has three Zn and three O atoms as nearest neighbors 

[12]. Based on size considerations, the Zn interstitial is expected to be stable on the octahedral 

site because of less geometrical constraints.  

1.3.3 Zinc vacancies 

The removal of Zn from its lattice site to an interstitial position results in VZn. They introduce 

partiallyioccupied states in the band gap. The electronic structure of VZn is made up of dangling 

bonds of four oxygen atoms. The dangling bonds of O combines to form a doubly charged 

symmetric state located somewhere deep in VB and induce 3 partially occupied states. Hence 

VZn has three states, VZn, VZn
-1

, VZn
-2

. The formation energy of VZn under Zn rich conditions is as 

high as 6.39 eV whereas under O rich conditions it is 3.7 eV. The four O atoms around VZn shifts 

outwards by 10% with respect to equilibrium ZnO bond length. The isotropic migration energy 

barrier for the zinc vacancy in the −2 charge state is 1.4eV. Taylor et al reported the signal in 
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electron paramagnetic resonance from VZn in range of g = 2.0018-2.056 in irradiated single 

crystals [13]. 

 

 

Figure 1.3: Ball & stick illustration of the local atomic relaxations around the VZn [10].  

 

1.3.4 Oxygen interstitials 

Excess O atoms in lattice, sitting at interstitial positions are believed as Oi and have very large 

formation energies as 6.83eV. The migrations barriers are of Oi are 0.9eV whereas for 𝑂𝑖
−2 along 

the c axis of the crystal lattice is 1.1eV. 

1.3.5 Zinc antisite and Oxygen antisite 

Zn sitting on a wrong lattice site i.e. sitting on an O site is called Zinc antisite. Similarly an O 

atom sitting at Zn site is called Oxygen antisite. The formation energy of both Zno & OZn is 

4.98eV and 10.04eV which is quite high as compared to other defects. 
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1.4 Electronic band structure of ZnO 

ZnO has a direct band gap where CB is mainly s-type and VB is p-type. The spin orbit (SO) 

coupling further leads to partial lifting of valence band degeneracy. Without SO coupling the 

crystal field (CF) causes splitting of p state into Г5 and Г1 state as shown in figure 1.4. CF and 

SO coupling together give rise to 3 twofold degenerate VB. These band states are denoted by A 

(Г7 symmetry), B (Г9 symmetry) and C (Г7 symmetry) in figure 1.5. The theoretical negative 

value of SO coupling as predicted by Thomas and Hopfield was experimentally confirmed by 

Rowe et al. Because of this reason j = ½ is higher than j = 3/2 [14-15]. 

 

Figure 1.4: Splitting of VB in three twofold degenerate VB [15]. 

 

Figure 1.5: Band structure & symmetry of wurtzite ZnO [37]. 
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1.5 Photoluminescence and EPR studies of ZnO 

Photoluminescence (PL) is a process of absorption of photon, exciting its one or more electron to 

higher excited state and then transition of that electron to ground state by a radiation of photon. 

PL is the widely used technique to study the wide band gap materials like ZnO and ZnSe. It 

reveals information about band structure, crystal field splitting, spin orbit coupling, defect related 

emissions and their states in the band gap. PL work on the basis of detecting the radiative 

transitions in the process. There are basically two types of transitions in PL i.e. free excitonic 

transition and bound excitonic transition. When the transition decays radiative and the energy of 

photon coming out is of order of the Eg of the material it is called the free excitonic transition 

else if it gets trapped at defect site it is called bound exciton. For any luminescentimaterial, it is 

inevitable to investigate and find out the origins of luminescent centers. The electrical & optical 

properties of a semiconductor material can be controlled & modified by controlling the nature, 

concentration and distributions of defects present in it. These defects can be introduced and 

relocated during growth or by post growth treatments like annealing, sintering or ion 

implantation. The understanding of their position, ionic nature and distribution becomes vital to 

understand the conduct of these defects. 

The room temperature PL is characterized by an ultraviolet emission so called Near Band Edge 

(NBE) and at least one broad band emission in the visible region attributed to deep levels called 

deep level emissions (DLE). The DLE region extends from 400nm to 750nm in the PL spectrum. 

Different reports have suggested that visible region emission is attributed to the intrinsic defects 

lying within the band gap.  

The green luminescence in PL spectra has been most debatable emission in ZnO. Many authors 

have attributed it to Vo present in the sample [16-17].  Zhao et al in his report on ZnO implanted 

with Zn and O concluded that VZn are responsible for green emissions in ZnO [18]. Kohan also 

predicted green luminescence because of VZn [19] 

 The blue emissions centered at 427nm are because of Zn defects i.e. Zni [20]. The yellow-orange 

emission in the regions has been attributed to antisite Zinc/oxygen, and Oi [21].  PL is indeed an 

effective way to investigate the electronic states of defects in the sample but does not give idea 
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about the ionic nature of the defects. To get insights of the ionic and chemical nature of defects a 

spectroscopy called Electronic Paramagnetic Spectroscopy has been widely used. 

EPR is a magneticiresonanceitechnique which is based on the interaction of unpaired electron 

spins with applied magnetic field. The spin of an electron is a purely quantum mechanical 

phenomenon and is usually characterized by the spin quantum number S= ½. Its magnetic 

moment can be written as  

𝜇𝑒= − 𝑔𝑒 . 𝛽𝑒 . 𝑆 

Where, ge =2.0023; the electron g-factor or Landé-factor, e = Bohr magneton number.  

In the presence of external magneticcfield B, there exist two different energy states for an 

electron as shown in figure 1.6. 

 

Fig 1.6: Splitting of energy levels in presence of magnetic field & absorption of MW energy [38]. 

 Hence, interaction between electron magnetic moment and applied field can be expressed by the 

following Hamiltonian: 

𝐻𝑍𝐼 =  − 𝜇𝑒 . 𝐵 =  𝑔𝑒 . 𝛽𝑒 . 𝑆𝑧 
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In resonance condition the microwave energy must be equal to Zeeman energy i.e.: 

∆𝐸 = ℎ.  =  𝑔𝑒 . 𝛽𝑒 . 𝐵𝑜 

Where, ν is the microwave frequency. Hence the typical EPR signal consist of following 

following contributions: 

(a)  In systems like ZnO, an unpaired electron is related with its spin motion and orbital motion 

which in turn give rise to spin magnetic moment and orbital magnetic moment. This can be 

described as following Hamiltonian [22]: 

𝐻 =  𝛽𝑒 . 𝐵(𝐿 + 𝑔𝑒𝑆) + . 𝐿. 𝑆 = 𝛽𝑒 . 𝐵. 𝑔. 𝑆 

Where,  is the SO coupling constant,  

g is the effective Lande`s g factor. 

The magnetic moment has two major influences i.e. SO coupling & orbital magnetic field 

interaction. These fundamentals give the reason why g is no longer remains equal to 2.0023 and 

anisotropic. The departure of the principal g values from the free electron i.e. 2.0023 carries 

information SO coupling, crystal field, and more important the local filed exchange interaction.  

(b) The magnetic moment of the unpaired electron will also interact with local magnetic fields 

originating from non-zero nuclear spins. This interaction is known as the nuclear hyperfine 

interaction and is given by: 

𝐻𝐻𝐹 = 𝐼. 𝐴. 𝑆 

Where, A is the hyperfineccouplingytensor.  

(c ) In nuclei with nuclear spins greater than one possesses an electric quadrupole moment Qe 

because of the non-spherical charge distribution in the nucleus. The interaction with such nuclei 

can be expressed as: 

𝐻𝑄 = 𝐼. 𝑄. 𝐼 
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Where, Q is the quadrupole coupling tensor. (d) As in the case of the magnetic moment of the 

electron, also the magnetic moment of the nucleus interacts with the magnetic field B .This 

causes a new term in the spin Hamiltonian 

𝐻𝑁𝑍 =  − 𝑔𝑁.𝛽𝑁 . 𝐼 

Where N is the nuclear magneton, 

gN is the nuclear g-factor. 

If the system consist of two or more unpaired electrons, i.e. total spin S >1/2, then electrons in 

the surroundings creates a local electric field called as crystal field. It induces a splitting in the 

ground state of electron even in absence of B and hence is called Zero field splitting. This 

interaction results in a line splitting in the ESR spectrum and this interaction can be described by 

the following Hamiltonian: 

𝐻𝐹𝑆 = 𝑆. 𝐷. 𝑆 

Where, D is the axialufineustructure parameter.  

Therefore, the electron in a magnetic field experiences mainly four interactions i.e. Zeeman 

Interaction, Nuclear hyperfine interaction, Electrostatic quadrupole interaction and Zero field 

splitting. Hence, the total spin Hamiltonian can be written as  

𝐻𝑇 =  𝛽𝑒 . 𝐵. 𝑔. 𝑆 + 𝐼. 𝐴. 𝑆 + 𝐼. 𝑄. 𝐼 + 𝑆. 𝐷. 𝑆 

In case of ZnO, the nuclear spin is zero, so one can neglect the contribution of hyperfine 

interaction and quadrupole interaction term from the total spin Hamiltonian. 

The electrons trapped at defects sites will hence produce a different value of Lande`s g factor 

corresponding to their surroundings (different from that of free electron 2.0023) as shown in 

figure.1.7.  

Taking the spin-orbit interaction and electronic calculations, deviation from g of free electron is 

given as [23].   
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𝑔∗ =  𝑔𝑒 − (
2

3
) [

𝑝2∆𝑆𝑂

𝐸𝑔(𝐸𝑔 + ∆𝑆𝑂)
] 

Where, p2 is the interband mixing coefficient which describes the (20eV for ZnO),  

 

 

Figure 1.7: Schematics of defects and their surroundings.  

Eg is the band gap energy, 

∆𝑆𝑂 is the spin orbit coupling.  

This means more the spin-orbit coupling more will be the deviation from the ideal Lande`s g 

value of free electron. Hence, characteristics signal in EPR spectra of ZnO at g= 2.0155, g = 

2.0024 and g = 2.0165 has been attributed to VZn [24-25]. Signal centered at g-=-1.96 is assigned 

to Vo. Signal assigned to g -=-1.9640 is assigned to Zni [26].  Morazzini et al reported signal g = 
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1.955 and g = 1.958 to Zn+ and Vo
+ [27]. This collectively means that defects will experience 

different SO coupling & CF, and therefore will amount to different g value depending on their 

respective environments and will lead to tailoring of magnetic properties as shown in figure 1.7. 

Therefore, techniques like annealing/ sintering which leads to diffusion and migration of intrinsic 

defects without external doping inturn tailor the magnetic properties to large extent. 

 

1.6 Spintronics: ZnO based dilute magnetic semiconductors 

“Spintronics” spin and charge coupled electronics in an emerging field of research in solid state 

physics. After the development of transistors in the electronic industry microelectronics industry 

has made fantastic progress in integrating chips on a single wafer which have numerous 

applications in today`s technological aspects. The basis of the electronic industry was charge of 

electron. In 1965, Gordon E Moore predicted that number of transistors that would fit on a given 

area of silicon chip would double every year. In this way more computing power would be 

obtained for the same price and electronic devices would be less expensive and will perform 

better.  But there will be a certain time approximated in early 2015`s when the size of individual 

gates will approach the dimensions of atoms and will not be reduced further. At that time size 

would finitely approach a scale of few nanometres where the realms of classical physics will stop 

working and new quantum mechanical effects will begin. At that point of time there will be a 

search of new degree of freedom which will serve the cause and will lead to drastic advancement 

in the upcoming technology. Hence, that new degree of freedom will be spin of electron which is 

intrinsic angular momentum of electrons. The foundation of spintronics industry would rely on 

manipulation of spin and charge controlled magnetic nanostructures. 

The 1st generation spintronics devices were based on passive magneto resistance sensors and 

memory elements which used electrodes made from alloys of ferromagnetic 3d metals. This lead 

to development of giant magneto resistance in multi layers and tunnelling magneto resistance 

[28, 29] Direct use of magnetic material & metal contacts to make Giant Magneto Resistance 

devices has resulted in poor efficiency due to conductivity and lattice mismatch that exist at the 

interface of metal/ insulator or metal/semiconductor. Therefore development of next generation 

of spintronics devices are expected work on manipulation of spin polarised electrons in host 
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semiconductor matrix and the interfaces of the contacts [30]. For the operational devices, spin 

polarised electrons needs to preserve their polarization as they travel through interface. The study 

of interaction of spin polarised electrons with random spin polarised electrons of semiconducting 

layer becomes vital. Therefore a design of material combining both semiconducting and 

ferromagnetic properties becomes very necessary for the development of such spintronics 

devices. This leads to the study of dilute magnetic semiconductors (DMS). DMS are the 

materials exhibiting both semiconducting and magnetic properties. They are semiconductors in 

which fraction of cations in the lattice are replaced by magnetic ions. Figure.1.8. shows the 

schematic for DMS which indicates the substitution of very small concentration of host ions with 

the dopant ions. Dopants are usually transition metals with partially filled d orbital like Fe, Co, 

Mn, Ni etc.  

The interest in the field started with possibilities to tailor many interesting properties like band 

gap, lattice parameters and electrical properties. In addition magnetic properties which arise from 

electrons of d orbital give rise to many different properties like magneto transport and magneto 

optical properties. The field progressed a lot since then and widely used host compounds till date 

are GaN, GaAs and ZnO with different transition metals which have been found to have Curie 

temperature well above the room temperature.  

 

Figure 1.8: Schematic for (a) Dopant (b) Non magnetic host semiconductor (c) Dilute Magnetic 

semiconductor [39]. 
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1.7 Theoretical models for explaining magnetism in DMS 

The literature of DMS, proposes different models of origin of magnetism in DMS. Few models 

have been discussed here in short based on the exchange interactions between spin-spin. These 

interactions are mainly are direct interaction, RKKY interactions, double exchange, mean field 

Zener model etc 

1.7.1 Direct exchange interaction 

This type of exchange interaction involves the direct coupling of magnetic ions via overlapping 

of magnetic orbitals. The direct exchange interaction coupling of the spins can be described by 

the Heisenberg Hamiltonian [31]: 

𝐻 =  − ∑ 𝐽𝑖𝑗 
𝑖𝑗

𝑆𝑖 𝑆𝑗 

Where, Jij  is the exchange integral and is given as  

 Jij = 
1

2
 (𝐸𝑠 −  𝐸𝑡) 

Where, (Es-Et) represents the small difference between the triplet and singlet states.  If the value 

of Jij is positive, it leads to ferromagnetic exchange whereas if Jij is negative it is 

antiferromagnetic exchange.  

1.7.2 Carrier mediated indirect exchange: RKKY interaction 

If the distance between the magnetic ions are large then interaction between them involves a free 

carrier present in the system and such an interaction is called Carrier mediated indirect exchange. 

As the name suggest Dilute magnetic semiconductor, the word “dilute” signifies the large 

distance between the magnetic ions hence no direct interaction between them. There are very few 

types of exchange interactions like, RKKY interaction, Mean field Zener Model, Double 

exchange mechanism, Bound magnetic polaron model etc. The indirect exchange was proposed 

long ago by Ruderman-Kittel-Kasuya-Yosida (RKKY) [32]. For two spins sitting at i and j site, 

the interaction is mediated by polarization of conduction electrons. The characteristics for this 

interaction is an oscillatory behavior of exchange integral J. This Jij is given as  



18 
 

 

 

 

Figure.1.9: Variation of J with interatomic radii r multiplied by radius of the Fermi sphere Kf [32]. 

Exchange integral changes its sign as function of distance between localized moments as shown 

in figure.1.9. 

1.7.3 Mean field Zener model 

Mean field Zener Model by Dietl et al. is based on the original model of Zener and the RKKY 

interaction.  In this model, the delocalized hole acts as mediator in RKKY like interaction among 

localized transition metal ions resulting in ferromagnetism [33, 34]. In comparison to the RKKY 

interaction, this model takes into account the complex valence-band structure of semiconductors. 

In the process, it reveals the important effect of the SO coupling in the VB in determining the 

magnitude of the Curie temperature TC and the direction of the easy axis in p-type ferromagnetic 

semiconductors.  
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1.7.4 Double exchange mechanism 

The double exchange mechanism also projected by Zener is explained by hopping of electron 

between two neighboring magnetic ions. In case of TM 3d levels are split by the crystal field into 

lower energy doublet and higher energy triplet levels. In Zn1-xCoxO the low energy spin up 3d-

states are strongly hybridized with O 2p states [35, 36]. Besides that, high energy spin-down 

states of Co ions are located close to the CBM of host ZnO. If the magnetic moments of 

neighboring Co ions are aligned parallel, electrons in the partially filled 3d-orbitals of the Co 

ions are allowed to hop from one ion to the other and stabilize the ferromagnetic ground state. 

1.8 A prototype spin based light emitting diode 

One of the goals is to build spin-based light emitting diodes (LED) that generate left or right 

circularly polarized light. LED`s are optoelectronic devices that, upon application of a forward 

electrical bias, favors the radiative recombination of electrons and holes resulting in emission of 

light (electroluminescence).  

In order to implement this idea the fundamental requirement is electron-spin injection, 

manipulation and detection in host semiconductor as discussed above. Practically, spin 

manipulation is relatively straight forward, but injecting and detecting theses spin under practical 

condition is a challenging task because one need to find spin-polarized material (Spin aligner)  in 

which most of the electron spins are aligned in a particular direction at room temperature e.g. 

room temperature ferromagnetism is essential. A promising material for this purpose could be 

transition metal doped ZnO based dilute magnetic semiconductors (DMS), e.g. ZnxM1-xO (M= 

Co, Ni,) as spin aligner, and nonmagnetic p-and n-type ZnO as base and recombinant material 

respectively. The advantage of choosing transition metal oxide over other oxides is that those 

magnetic ions will be incorporated is electronically, thus providing localized magnetic moments 

without altering the crystal structure and carriers doping. Transition metal spins in undoped or n-

type ZnO are usually coupled by large exchange energy and, at low doping concentration and 

low temperature, the sp-d exchange interaction leads to a large Lande`s g factor (more than twice 

as compared to free electron) which results in large Zeeman splitting of band edge related states. 

We exploit this enhanced Zeeman splitting to align the spins within the magnetic layer of ZnO. 

Subsequently, these spin-polarized electrons will be passed into the non-magnetic n-type ZnO. 
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Depending on spin de-phasing times (which is of the order of nanosecond), the preferential spin 

orientation will survive up to a distance of 50-100 nanometer: therefore, by making a second 

ZnO nano-structured layer of thickness of about 100 nm, ZnO based spintronics device can be 

made. A prototype design of this type of device is shown in figure 1.10. 

 

Figure 1.10: A prototype design of spin light emitting diode. 

From scientific point of view, ideally p-type and n-type ZnO has almost same optical band gap 

so that it is way easy to transfer electrons and holes from each other.  A spin aligner material is 

ferromagnetic at room temperature. On biasing polarized electron will transfer from spin aligner 

to n type ZnO and will recombine with the hole there and will emit a circularly polarized light.  

Based on this spin LED few problems have been intended as follows: 

(a) Effect of spin-spin, and spin-lattice interaction at the interface of grains, and p-type and n-

type ZnO has not been studied to the best of our knowledge. 

(b) P-type ZnO means existence of excess zinc vacancies in sample, and interaction of these 

defects with Zn interstitial will result in donor-acceptor pair (DAP) formation. The effect of DAP 

on magnetic properties has not been studied. Although, DAP signal has been reported in low 

temperature photoluminescence and core-shell type structure. 
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(c) Similar to point (a) effect of interface of single crystalline CoO and NiO doped ZnO with 

polycrystalline ZnO has not been studied. This is because SO interaction strength in 

polycrystalline ZnO is ~ 20meV which is almost same as L-S coupling strength of Co+2 ions. 

Hence, based on these four objectives have been framed: 

Chapter 2. “Thermal and temporal evolution of microstructure and interface formation of grain 

by high temperature annealing”.   

Chapter 3. “Origin of polychromatic emission and defect distribution within annealed 

nanocrystalline ZnO and their effect on magnetic properties and spin-spin interaction”.  

Chapter 4. “Selectively enhanced shallow and deep donor defect in nanocrystalline ZnO: A path  

to make p-type ZnO without doping by multistep annealing”.  

Chapter 5. “Development of CoO and NiO doped ZnO based DMS: A promising material for 

spin aligner”. 
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2.1 Introduction  

Annealing is the process of heating a material to a particular temperature, maintaining it at that 

temperature for some particular duration and then letting it cool down to RT naturally or by 

maintaining some heating gradient. Increase in temperature leads to agglomeration, grain 

coarsening and exaggerated grain growth [2]. Therefore, it is very important to understand the 

evolution of grains and microstructures on annealing. Annealing by means of thermal activation, 

increases the mobility of defects within the grains which leads to grain growth. The defects or 

impurities migrate and diffuse with their respective diffusion coefficients within the grain 

leading to redistribution of defects. This redistribution in turn lead to tailoring of various defect 

related properties viz optical, electrical and magnetic properties. The annealing process is usually 

characterised by its annealing temperature and annealing time. The process is initiated by 

choosing a constant heating rate and then raising the temperature from RT to desired 

temperature. This step is called as step of “Thermal evolution”. After reaching the annealing 

temperature a hold of some optimised annealing time is kept. This step of holding the 

temperature for particular annealing time is called step of “Temporal evolution”. Therefore, in 

order to explore its microstructures and defect distributions, two techniques conventional and 

multistep annealing with different kinetics and mechanisms have been chosen to anneal the ZnO. 

In conventional annealing the activation energies, heating rate and diffusion coefficient remain 

same where as in case of multistep annealing they become variable in each step. This chapter 

introduces with two different annealing techniques CA and MSA. Their grain growth 

mechanisms and the grain growth model based structural analysis of the samples and different 

morphologies of grains have been discussed in this chapter. 

2.2 Experimental Techniques of Annealing 

To redistribute defects, understand and control microstructures in pure ZnO, two annealing 

techniques has been adopted i.e. 

a) Conventional Annealing (CA) 

b) Multi step annealing (MSA) 

as shown by schematic in fig.2.1. 
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Figure 2.1: Schematic of Conventional annealing and Multi step annealing [1]. 

ZnO powder (99.99%) pure was purchased from Sigma Aldrich. The powder was first crushed in 

mortar and pestle for 3 hours. All the experiments were performed in air atmosphere in a muffle 

furnace. The furnace was initially optimized for heating rate and samples were annealed in 

alumina crucibles. For CA the pure ZnO powder was annealed at heating rate, 
𝑑𝑇

𝑑𝑡
= 100ºC/min at 

chosen temperatures 200, 400, 600, 800, 1000 and 1100ºC respectively. The temperature was 

raised from RT to particular desired annealing temperature at i.e. step of thermal evolution. Then 

after achieving the desired temperature it is kept to evolve temporally for two hours. The heating 

was constant all the way through process. The sample was then naturally cooled to room 

temperature. 

Multi step annealing as the name suggests is annealing in steps. For Multi step annealing the 

ZnO powder was annealed stepwise in step of two hours at heating rate = 100ºC/min at 200, 400, 

600 and 800°C. The desired temperature in MSA was achieved by step by step rising of the 
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temperature and holding time. MSA consists of many thermal and temporal evolutions steps. In 

figure 2.1 step “a”, “c”, “e” &”g” are called the steps of thermal evolutions and step “b”, “d”, “f” 

& “h” are steps of temporal evolutions. For example, we take a case of annealing a sample at 

400ºC for 2 hours. The temperature of furnace is raised from RT to 200ºC at first and a hold of 2 

hours is maintained there. After these 2 hours i.e. step “b”, the sample is not allowed to cool 

down instead the temperature is raised to 400ºC and finally a hold of 2 hours is maintained. After 

these 2 hours the sample is allowed to cool naturally to RT. The difference in the mechanisms 

starts at step “c” where, activation energies and diffusion coefficients of defects become very 

different from that of step “a”.  

 

To investigate the structural deformations, grain size and stress evolved during of conventional 

and multistep annealed ZnO powder RT X-ray diffraction (XRD) technique was employed. XRD 

spectra were recorded for all the samples in range of 20º-80º at scanning speed of 0.02/min by 

means of Copper Kα radiation of wavelength 1.5406 A˚. To see morphologies and shapes of the 

nanoparticles Field Emission Scanning Electron Microscopy (FESEM) was performed.  Raman 

spectroscopy was performed to get structural insights of the sample. 

 

2.2.1 Conventional Annealing 

The kinetics of grain growth during CA suggests that grain size depend on annealing temperature 

and annealing time as:   𝑑 − 𝑑𝑜 = 𝐾𝑡𝑛  , Where, d = average grain size after annealing time t, 

do = is initial grain size, 𝐾 = 𝐾𝑜 𝑒
(−

𝑄

𝑅𝑇
)
, Q = activation energy of the defects,R = gas constant, 

T = annealing temperature [3]. 

In CA rate of change of grain size with annealing temperature is proportional to annealing time 

and heating rate;  
𝑑𝐷

   𝑑𝑇
∝  𝑡𝑛−1 (

𝑑𝑇

𝑑𝑡
)

−1
 which are constant [5]. 

Heating rate 
𝑑𝑇

𝑑𝑡
 and the activation energies (Q) of various defects remains constant. Hence, the 

grain growth is dependent only on the temporal evolutions i.e. the annealing time. Therefore we 

can bring to a close, that in CA, though the defects starts migrating and diffusing during thermal 
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evolutions but the grain growth occurs only when the sample is allowed evolve with annealing 

time at constant temperature.  

 

2.2.2 Multi step Annealing 

Since, the diffusion of defects depends on the environment they are surrounded. Hence the 

activation energy and diffusion coefficients become different for each step and play an important 

role in redistributing the defects. In MSA, the controlled steps lead to different grain growth 

mechanisms. The rate of change of grain size with temperature in MSA now becomes 

proportional to different activation energies of the defects in each step, the annealing temperature 

which is divided in steps, the annealing time and the heating rate which is a quasi constant.  

𝑑𝑑

𝑑𝑇
∝  𝐾0 𝑒

(−
𝑄

𝑅𝑇
)
 𝑡𝑛−1 (

𝑑𝑇

𝑑𝑡
)

−1
 . Hence, for MSA the grain growth depends equally on thermal 

as well as temporal evolutions.  

Both the processes CA and MSA differ in their mechanism of evolution of microstructures and 

grain growth. Hence, they will lead to a different distribution of defects inside or within a 

sample, which will lead to different defects related structural, optical and magnetic properties 

within pure ZnO without any extrinsic doping. 

   

2.3. Results and Discussions 

2.3.1 X ray diffraction studies of CA ZnO nanoparticles 

The structure of ZnO is hexagonal wurtzite structure as discussed previously with two lattice 

parameters a and c where  
𝑐

𝑎
= 1.633 Is shown in figure 2.2.  Zn is tetrahedral coordinated to 

four O and vice versa in sp3 bonding. This is an ideal structure of undoped and pristine ZnO All 

the annealed samples will be observed in reference to this ideal structure whose XRD spectra is 

given by spectra B in figure 2.3. 
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Figure 2.2: Ideal hexagonal wurtzite ZnO structure undoped and pristine (https://www.wikipedia.org). 

 

 

Figure 2.3: XRD patterns of CA ZnO at various temperatures; inset show the Voigt and Lorentzian fits to the 

experimental data points. 
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Figure 2.3 is the X-Ray diffraction pattern of ZnO samples annealed conventionally at 

temperatures 200, 400, 600, 800,1000 and 1100°C respectively. The XRD peaks were 

individuallykindexed with the wurtzite phase of pure Zinc oxide in reference to “JCPDS Card 

Number. 361451”. The XRD peaks were broad and the broadening consisted of contribution -

from instrumental factors, non uniform strain and grain size [6]. The instrumental broadening 

which arises due to instrumentation needs to be removed before calculating the actual grain size. 

Full width at Half Maxima (FWHM) is typically used to measure the width the XRD peak. There 

are many methods to remove instrumental broadening. David and Matthewman did modelling of 

experimental XRD line profile by using Voigt function and assigned Lorentzian and Gaussian 

component to size effect and instrumental broadening from the XRD instrument [7]. Similarly 

we used the Voigt, Lorentzian and Gaussian line profiles to remove the instrumental broadening. 

The distribution of strain within the sample is a natural and has a Gaussian distribution whereas 

X-Rays line profile is Lorentzian is nature. Lorentzian line profile implies βexp= β + βinstru, 

Gaussian line profile implies 
22

exp
2

instr  and Voigt implies

 exp

2

exp



 instr  where βexp is 

the measured FWHM from XRD spectra, βinstru is the instrumental broadening contribution and β 

is the actual FWHM arising only from the sample. To remove the instrumental broadening each 

and every peak of XRD spectra was individually fitted with Lorentzian, Gaussian and Voigt fits 

and final FWHM of sample was given as: 2/)45()2( 2/12

VLVVL   .  

The inset of Figure 2.3 shows the Lorentzian and Gaussian fits to the experimental data. The 

Integral breadth method (peak area/ peak position) was used to calculate FWHM of the peaks 

and grain size was calculated by Scherer’s formula given by:  𝑑 =
𝑘

.𝑐𝑜𝑠
 ,where, d is grain size 

in A°, k is a shape factor (in general taken as 0.9),  is X Ray wavelength (taken as 1.54 A° for 

Cu-K) [8-9]. During air annealing, diffusion of Zn is usually isotropic w.r.t 

orientation/direction of the crystal. The activation of diffusion of Zn along a, b and c axis is 131 

kJ-mol-1 and 116 kJ-mol-1.Therefore, Zn is said to have equal probability for diffusion in all 

crystal directions [10]. Therefore, we chose to examine the variation of XRD peak along c-axis 

and observed its variation with annealing temperature. 
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Figure 2.4: Shift of [002] peak with various CA temperatures. 

Figure 2.4. show the variation of position of [002] peak of CA ZnO samples with different 

annealing temperatures. It is evident from figure 2.4 that with increase in temperature XRD 

peaks shift towards higher values of diffraction angle till 800ºC after that relaxes to lower value 

for 1000°C and 1100ºC CA samples. The shift towards higher and lower angles is because of 

high concentration of Zn defects i.e. Zni inside the ZnO grains. This in turn generates a uniform 

stress within the grains with tensile component parallel to c-axis. Analysis of diffraction formula 

(2d sinθ = nλ or ∆d/d tanθ = -∆θ) indicates that strain is compressive in nature as ∆θ is positive. 

The relaxation of peak towards lower angles at 1000°C and 1100°C signifies the lessening 

concentration of oxygen vacancies & showed a steady progress of compressive towards 

tensileostress. 

Stress generated from diffusion of Zni along c-axis was calculated as: 

  𝜎 =  −453.6 ∗ [
𝑐−𝑐𝑜

𝑐𝑜
]                             ( 2.1) 

 Where, co = 5.205 x 10-10m is stress free lattice constant [11].  
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The variation of the uniaxial stress has been plotted with different annealing temperature as 

shown in figure 2.5. 

 

Figure 2.5: Variation of ratio of intensity of peak [002]/[101] and stress with annealing temperature. 

It is clear from the graph that stress changes from compressive to tensile and strain increases at 

annealing till 800°C and decreases after that. The variation of concentration of Zni with 

annealing temperature was observed by analyzing intensity ratio of peak [002]/[101] in XRD 

spectra as its diffusion is isotropic, hence we can choose to observe diffusion in any direction. 

The dotted line in figure 2.5 shows the variation of intensity ratio of diffraction peak [002]/[101] 

versus annealing temperature. It is a generally accepted that size of grain increase 

withotemperature because of agglomeration & coagulation ofonumerous tiny grains into bigger 

ones. We noticed an abrupt drop off in grain size for temperature > 800ºC. The grain size and 

surface to volume ratio of grains (SGB) versus temperatureohas been plotted in figure 2.6. The 

grain size was initially 67nm, then increased to 93nm at 800°C and then decreased to 65 nm at 

1100ºC. 



35 
 

 

Figure 2.6: Grain size & SGB of grains versus CA temperature. 

Arrhenius equation d = do exp(
−𝑄

𝑘𝑇 
) was used to estimate the activation energy the fitting to grain 

size versus annealing temperature yielded Q = 385 kJ-mol-1. This value of Q for grain growth is 

near to the diffusionobarrier of Zn and O in ZnO annealed at heating rate 100ºC-min-1[12]. 

Rodolfooet al. has claimed that Q is stronglyydependent on heatingorate. Q was found to be 388, 

254 and.280 kJ-mol-1 for heating rate of 50, 75 and 100oC-min-1 [13]. It substantiate that 

annealing leads to diffusion of Zni and Oxygens and hence redistributions of defects inside the 

crystal. The diffusion of defects during annealing takes place according to their migration 

barriers. Zni are fast diffusers and O defects are slow diffusers. The dominant growth of grain 

along c axis leads to deformation of the shape of nanoparticles. Surface to volume ratio of grains  

was calculated using 
1.65

<𝑑>
 & figure 2.6 shows its variation with CA temperature [14]. With the 

rise in grain size surface to volume ratio decrease, which indicates large surface area. Hence, one 
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can conclude that smaller particles are rich in defects which reside on the surface as compared to 

bigger particles. Therefore, collectively from results of structural variations, development of 

stress along with increase in surface to volume ratio on CA signify that CA undoped ZnO 

nanoparticles are rich in surfaceodefects. 

2.3.2 Morphological studies of CA ZnO  

The morphology of the annealed grains was investigated by FESEM images. Figure 2.7 shows 

the FESEM images of pristine and CA ZnO at 200 ºC, 400 ºC, 600ºC, 800ºC, 1000ºC and 

1100ºC.  
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Figure 2.7: FESEM images  (a) Pristine ZnO  (b)  CA ZnO annealed at 200ºC  (c) CA ZnO annealed at 400ºC  

(d) CA ZnO annealed at 600ºC  (e) CA ZnO annealed at 800ºC (f) CA ZnO annealed at 1000ºC (g) CA ZnO 

annealed at 1100ºC.  

 

In the pristine sample the grains were of different shapes like cylindrical, spherical and 

hexagonal. With increase in CA temperatures shapes transformation took place and the shape of 

grains at CA temperature 600ºC and 800ºC became almost spherical in shape. It transforms to 

almost perfect spherical shape at 1000ºC with the formation of grain boundaries at 1100ºC. To 

explore the diffusion of intrinsic defects during annealing, diffusion equation was solved in 

spherical polar coordinates system.   
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2.3.3 Theoretical model for grain growth 

 

To model the defect distributions in ZnO suppose a particle with radii-“R”. The diffusion 

equation for surplus Zni within the grain is given as,   

                                                       
t

C

D
C






12                                                                (2.2) 

Where, C designates the “concentration” and D the “diffusion coefficient” of Zni.  

In spherical-polar coordinates equation 2.2 can be written as: 
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We presume isotropic radial diffusion of Zinc interstitial & confine calculation towards radial 

growth only. Spherical harmonic part of equation 2.3 plays a vital role in growth of nanowire and 

nanorods. Hence, above equation can be modified as  
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The boundary conditions are “C(r,0) =C0” & "C(r,t)=Cs”, Where, Co represents bulk 

concentration of Zni, Cs represents surface concentration of Zni. Solution of equation 2.4 yields,  
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Where “n = 0, 1, 2, 3”……. 

Equation 2.5 then suggest if concentration of Zni at the surface and the core becomes equal i.e. 

Co = Cs then “C(r,t)= Cs”, means particle will not grow further. Meaning thereby whenever the 

chemical balance is sustained by CA in dissimilar environment viz O, Zn, H or N, surface 



39 
 

defects will be tailored but grain size remains unaffected. “For this reason, one can conclude that 

size of grain increases because formation of new layer of oxidized Zni on pristine grain”, further, 

keep on the formation of a “new oxidized layer” on outer surface of the first layer and so on. 

Hence size of the grain increases monotonically with temperature. This growth continues till Zni 

diffuses throughout the newly formed oxidized layer. Once the diffusion is stopped & annealing 

is continued, grains densification starts and newly oxidized layer detaches from grains. This 

elucidate X-Ray diffraction results which suggests the reduction in stress & smaller grain size as 

that of pristine grain after annealing at 1000ºC and 1100ºC. Differentiating equation (2.5) gives 

radialdconcentrationdgradientdindnewly formeddlayer of ZnO. 
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“Taking into account the mass balance of Zni crossing the oxidized surface layer and assuming 

thickness (x) of new layer smaller than grain size (x << R’)” it is written as:  
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“Where [x= R’’2-R’2
 ], “R’’ corresponds to radii of new formed layer. “ σ = ρs ( MZn/MZnO)”, here, 

ρs, MZn, and MZnO  represent density of ZnO at surface, atomic weight of Zn and molecular 

weight of ZnO respectively. For the case of large annealing time ( t→∞) and maximum oxidized 

layer thickness (x→xm) equation 2.7 modifies to”  
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D depend on annealing temperature as D = 𝐷𝑜 exp (−
𝑄

𝑘𝑇
). Figure 2.8 shows the plot of -l



























2

1
mx

x
n  with inverse of annealing temperature.  

 

Figure 2.8: “Variation of -l
























2

1
mx

x
n  with inverse of annealing temperature (CA).” 

The theoretical fit of equation 2.8 was then fitted to the experimental result gives Do of order of 

10-18m2sec-1.  It is in agreement to DFT calculations when combined withdclimbing image-

nudged elasticcband method of diffusion of Zni and Vo[15]. Based on the theoretical and 

experimental results the schematic of distribution of defects in CA is shown in figure 2.9. 

 



41 
 

 

Figure 2.9: Schematic of grain growth model and defects distribution within Conventional annealed ZnO 

nanoparticles. 

The Zni on the surface reacts with oxygen in the air atmosphere and form a layer of ZnO as 

shown by shaded grey region in the figure 2.9. When at high annealing temperature the 

concentration of Zni on the surface becomes equivalent to the concentration at core, the particle 

growth is inhibited and densification start taking place. When the annealing temperature is 

further increased the grain sheds its surface layer and breaks down to smaller grain. 

 

2.3.4 X Ray diffraction studies of MSA ZnO nanoparticles 

 

Figure 2.10 shows the XRD pattern for multistep annealed ZnO nanoparticles. After removing 

the instrumental broadening all the peaks were analyzed individually for calculations.  
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Figure 2.10: XRD pattern of MSA ZnO nanoparticles at different temperatures. 

 

Figure 2.11: Shift of [002] peak with various Multistep annealing temperatures. 

The peak [002] shift toward lower 2 values w.r.t pristine ZnO is shown in figure 2.11. The shift 

towards lower θ implies the existence of tensile stress in the MSA samples. The variation of 

[002] plane in MSA seems very different from CA. As the grain growth mechanism and defect 

distributions are different in both the cases the stress distribution in the grains will also be very 
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different. To see the variation of stress we calculated the uniaxial stress along c axis as shown in 

figure 2.12 using equation 2.1. The trend of variation of stress was oscillatory in nature with 

MSA temperatures. The intensity of [002]/ [101] peak was plotted to see the diffusion of Zni 

within the grains due to MSA. It was found that the variation of diffusion of Zni was almost same 

as that in case of CA with respect to figure. 2.5. 

 

 

Figure 2.12: Variation of Stress and intensityiratio of peak [002]/[101] versus annealing temperature of MSA. 

 

The kinetic equation for MSA which involves both thermal and temporal evolutions together i.e. 

includes the concurrent effect of time & temperature is given in equation 2.9: 

 

 

          d = doexp{ln(tn) +
Q

R(
1

303
−

1

T
)
)                            (2.9) 



44 
 

Where; d is average grain size, do = initial grain size, Q = activation energy of defects,  

             T = annealing temperature, t = annealing time. 

 

Figure 2.13: Grain size of Multistep annealed ZnO versus annealing temperature fitted with kinetics 

equation. 

 

The equation 2.9 when fitted with experimental grain size was found to be in good agreement 

with theoretical fundamentals proposed for MSA as shown in figure 2.13. This implies that grain 

growth depended on annealing time and annealing temperature both simultaneously.   
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2.3.5 Morphological studies of MSA ZnO 

 

To see the distribution of defects and shape transformations of nanoparticles FESEM was 

performed.  

 

Figure 2.14: FESEM image of (a) Pristine ZnO nanoparticles, (b) MSA ZnO at 400ºC,  (c) MSA ZnO at 

600ºC, (d) MSA ZnO at 800ºC. 
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Figure 2.14 shows the morphology of ZnO nanoparticles, pristine and annealed at 400°C, 600°C, 

and 800°C. It is evident from the images that pristine ZnO consist of different shapes like 

cylindrical, hexagons and spherical shaped grains.  

  

 

 

The various shapes of pristine ZnO were separately fitted with lognormal fits as shown in figure 

2.16 (b, c, d). It was observed that the 52% structures were cylindrical shaped grains with 

diameter 50nm. The spherical shaped grains were 33% with diameter 55nm and only 26% left 

grains were hexagon shaped with diameter 80nm. . 
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Figure 2.15: (a) FESEM image of Pristine ZnO highlighting grain with colored marker, (b) Pristine ZnO  

cylindrical grains fitted with lognormal fit, (c)  Pristine ZnO hexagonal grains fitted with lognormal fit , (d) 

Pristine ZnO spherical shaped grains with Gaussian fit. 

 

 

Figure 2.16: The lognormal and Gaussian fits of (a) MSA at 400°C ZnO cylindrical shaped grains, (b) MSA at 

400°C ZnO spherical shaped grains 
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In figure 2.16 MSA temperature 400°C, cylindrical grains reduced to 27% with increased 

diameter of 75nm. The spherical shaped grains increased to 72% with diameter 70nm and 110nm 

but hexagon shaped grains completely vanished. The diameters of cylindrical shaped grains 

increased with annealing temperature but length did not increase. The length (l)/radii(r) was 

initially greater than 1 but later on reaching temperatures of 600˚C this l/r was approximately 1. 

Meaning there by that rods were getting thicker and thicker, and when the thickness was 

approximately equal to length of rods they transformed into spherical shapes. At 600˚C the 

cylindrical shaped grains and hexagons vanished and spherical shapes persisted as shown in 

figure 2.17 (a).  
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Figure 2.17:  (a) The lognormal fit of MSA at 600ºC ZnO spherical shaped grain, (b) The evolutions of 

spherical shaped grains from cylindrical ones. 

 

At 800˚C the grains continued to be spherical and grain boundary formation took place. Hence 

figure 2.17 (b) reveals that most of the particles were cylindrical in shape initially and then 

transformed to spheres at higher temperature, diffusion equation was solved in cylindrical co-

ordinates. Diffusion equation for MSA can be written as same as in case of CA i.e.  

 

∇2  𝐶 = (
1

D
) (

∂C

∂t
)                                           (2.10) 

 

𝜕𝐶

𝜕𝑡
= 𝐷 ∇2C                                                                          (2.11) 

 

When diffusion constant is not isotropic then it is convenient to break equation 2.11 in flux 

formulation i.e. 

𝜕𝐶

𝜕𝑡
= (

𝜕

𝜕𝑥𝑖 
) ( 𝐷𝑖𝑗) (

𝜕𝐶

𝜕𝑥𝑗 
)                                    (2.12) 
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Where, ( 𝐷𝑖𝑗) (
𝜕𝐶

𝜕𝑥𝑗 
) indicate flux it is important to mention here that this case is due to 

concentration gradient of defects along j direction. (j = r, , 𝜑 ). ( 𝐷𝑖𝑗) is now diffusion tensor 

and can be written as  

Dij = (

𝐷𝑟𝑟 𝐷𝑟𝜃 𝐷𝑟𝑧

𝐷𝜃𝑟 𝐷𝜃𝜃 𝐷𝜃𝑧

𝐷𝜃𝑟 𝐷𝜃𝑧 𝐷𝑧𝑧

)                                               (2.13)           

 

Or                                      
𝜕

𝜕𝑥𝑗 
=   (

𝜕

𝜕𝑟
 �̂�,

𝜕

𝑟𝜕𝜃
𝜃 ,

𝜕

𝜕𝑧
�̂�)                                       (2.14) 

 

For ease of calculation we assumed diffusion along r direction only and neglecting off diagonal 

terms and anti symmetric terms (which are relevant at higher temperatures ≈ melting 

temperature. The diffusion constant breaks like   

 

Dij = (Dparallel-Dperpendicular) bibj + Dperpendicular 𝛿ij                     (2.15)  

Where, bibj represent driving forces; along perpendicular and parallel axis. Here parallel means 

driving force along c axis and perpendicular means driving force along a,b axis. Driving force 

may be chemical potential difference or some external perturbations like electric field, magnetic 

field or defects in potential. 

We only consider the chemical potential difference in defects in concentrations in bulk of grains 

and at surface of grains. Hence, considering along one direction we get: 

𝜕𝐶

𝜕𝑡
= (

1

𝑟
)

𝜕

𝜕𝑡
(𝑟𝐷

𝜕𝐶

𝜕𝑟
)                                               (2.16) 

The solution of this equation contains Bessel`s function hence defects should be distributed 

oscillatory in MSA. 

 

2.3.6 Raman Studies of CA and MSA ZnO  

Raman Spectroscopy is a common practice based of the inelastic scattering on 

monochromaticolight within the sample accompanied by generation and annihilation of 

elementary excitations i.e. latticeevibrations (phonons). Raman spectroscopy is used to study the 
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lattice dynamics of the sample and therefore imparts information about the structural properties 

of the system. 

 

Figure 2.18: Raman spectra for CA ZnO samples. 

 

Figure 2.19: Raman spectra for MSA ZnO samples. 
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Figure 2.18 & figure 2.19 shows the Raman spectra for CA and MSA annealed samples. 

Hexagonal wurtzite type lattice structure belonging to the space group C4
6v (P63mc) 

impliesibasiciunitiofifouriatoms iniunit cell. The number of phonon modes are 3n = 12, being 9 

optical modes (three longitudinal (LO) and six transverse, TO) and 3 acoustic modes (1 

longitudinali(LA) and 2 transversei(TA). At Γ point of the Brillouin zone the optical phonons 

have following irreducible representations: Γopt = A1 + E1 + 2E2 + 2B1  [16]. Where, B1 modes are 

silent i.e. IR and Raman inactive and E2 vibrations are only Raman active (non polar). The 

nonpolar phonon modes with symmetry E2 have two frequencies: E2 
high (437cm-1) associated 

with motion of O atoms and E2
low associated with Zn sub lattice. E2

high phonon mode is 

distinctive Raman mode of ZnO. The atoms move perpendicular to c-axis and in each sub lattice 

and neighboring ion move to opposite to each other. Hence, displacement of ions sums to zero 

i.e. no net polarization. For these reason two modes are defined as non polar modes. Further, 

Raman and IR active phonons A1 and E1 are polar. 

 On contrary to this A1 and E1 phonon that are oxygen dominated are polar modes. The atoms 

move parallel or perpendicular to c-axis for A1 and E1 symmetry in such a way that displacement 

of Zn atom with respect to O atoms induces net polarization. As a consequence A1 and E1 splits 

into longitudinal optical (LO) and transverse optical (TO). The associated Raman peaks become 

four i.e. A1(TO) (380cm-1), A1(LO) (574cm-1), E1(TO) (407cm-1), and E1(LO) (583cm-1). The 

change in line shape broadening and a little shift to higher and lower wave number depicts the 

compressive and tensile strain & electron phonon interaction as a result of annealing. The 

electron-phonon interactions are important and play a significant role in Raman scattering. Two 

types on interactions must be considered inevitably, the deformation potential interaction, due to 

the modulation of crystal periodic potential by relative atomic displacements of the phonons and 

the Frohlich interaction. The Frohlich interactions are because of the macroscopic electric field 

generated by relative displacement of oppositely charged atoms within the unit cell which 

concerns only the LO phonons. Therefore the two LO phonon modes i.e. A1(LO) and E1(LO) 

have very close wave numbers (574cm-1 and 583cm-1). These peaks are often merged in a single 

band called LO band. Their low intensity is attributed to electron-phonon coupling.  
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Figure 2.20: (a) Raman spectra for CA ZnO samples before and after the breaking of grains (Pristine, 800°C 

and 1100°C,  (b) Raman spectra for MSA ZnO samples before and after the breaking of grains (Pristine, 

400°C and 800°C. 
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Figure 2.20 (a) and (b) shows the Raman spectra for CA and MSA ZnO pristine, 800ºC and 

1100ºC. The appearance of low intensity of LO band in CA and MSA signifies the existence of 

Vo in the sample due to high temperature annealing. 

 

2.4 Conclusion 

Two different annealing techniques CA and MSA has been discussed in this Chapter. These 

techniques differ in the mechanisms and hence the respective grain growth and micro structural 

evolution are very different to each other. The grain growth in both these cases takes place 

differently as in case of CA the grain growth is attributed to layer by layer model of the 

nanoparticles. The shapes of nanoparticles in CA was almost spherical where as in case of MSA 

it transformed from cylindrical to spherical with annealing temperature.  The diffusion equation 

has been solved in spherical polar coordinates in case of CA where as it is solved in cylindrical 

polar coordinates for MSA to predict the diffusion of defects due to annealing. It was found that 

Zni being fast diffuser migrate toward surface and Vo remain somewhere in the core of the grain 

in case of CA whereas in case of MSA the Zni moves towards surface but remains in the core as 

well. The core Zni interacts with the Vo and form complexes. The defects reside differently in 

grains and hence also lead to different structural properties also studied by Raman Spectroscopy.  
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CHAPTER  3 

“ORIGIN OF POLYCHROMATIC EMISSION AND DEFECT 

DISTRIBUTION WITHIN ANNEALED NANOCRYSTALLINE 

ZnO AND THEIR EFFECT ON MAGNETIC PROPERTIES AND 

SPIN-SPIN INTERACTION” 
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3.1 Introduction 

Wurtzite ZnO has received incredible endorsements in the areas of spintronics and dilute 

magnetic semiconductors. Its high exciton binding energy makes it potential material for its 

application in nano lasers, blue LEDs, high temperature random laser, and various optoelectronic 

devices [1-4]. From the use of Zinc oxide in electrical, optical and spintronics devices, one needs 

to understand its growthdmechanisms, defect distribution within the grains & its emission 

properties. The grain growth mechanism during conventional and multistep annealing has been 

explored extensively in Chapter 1. The different grain growth mechanism leads to different 

distributions of intrinsic defects within the grains. This redistribution of defects leads to tailoring 

of different defect related properties. Hence the study of defect related optical and magnetic 

properties are inevitable. Chemical vapor deposition (CVD), Pulsed laser deposition (PLD), e 

beam evaporation, sol-gel are very well known and explored ways of synthesis [5-8]. All the 

techniques possesses virtues & short comings but a method free of defects is till date hidden. 

Though existence and the interaction of intrinsic defects in ZnO plays key role in its several 

applications like light emitting diodes, field–effect transistors, gas sensors etc but in spite of 

widespread studies on defects, a lucid and clear chemical identification of defects is as yet 

controversial [9-11]. Beside the identifications of the intrinsic defects, their distribution inside 

the grains has been a moot point till date and there is no agreement on the origin and 

identification of these defects [12, 13]. Many authors attempted to correlate the defects 

distributions, grain size and defect related emissions. Several ideas have been put forward for 

different emission in visible regions, authors predicted that green emission is because of the 

transition between VO
+ and photoiexcited holes Where as many of them attributed it to transition 

between electron close to CBM and deeply trapped hole at VO
++ [14-16]. In a study based on 1st 

principledcalculation of formation energy & electronic structure of intrinsic defects Kohan 

suggested that green emission is due to Zinc vacancies [17]. Halliburton et al. reported that 

oxygen vacancies are usually tailored by annealing specifically in Zinc or O richdenvironment or 

e-beam radiation [18]. The relation of effect of the intrinsic defects on luminescence properties 

becomes a tedious when the growth of particle is driveniby annealing, because growth of Zn 

interstitial and oxygen vacancies is governed byiFrenkeliequation [ 
ZniZn VZnZn  ] and 
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Schottky equation [
OZn VVO  ][19]. Further ionization reaction of Zni [

], '' eZnZneZnZn iiii    and oxygen vacancy [ '' , eVVeVV OOOO   ] donate 

2 electrons, and becomes tricky to distinct from each other. However, from all the defects Zni, 

VZn, and Vo
- and Vo-Zni complexes are major intrinsic defect in ZnO. 𝑍𝑛𝑖

+, 𝑉𝑜
− and 𝑂𝑖

−are the 

only defects which are paramagnetic in nature and are easily detected by ElectroniParamagnetic 

Resonance spectroscopy. Lin et al. calculated electronic energy state of almost all defect centers 

and found that the energy gap from the Zni energy state to valence band is 2.9 eV. “Kroger and 

Bylander” reported that energy state of Zni is 0.22 eV below the conduction band edge [20- 22] 

and that of VO is ~ 1 eV below the conduction band edge. Xions et al. on correlating grain size, 

intrinsic defects and luminescence made out that Vo does not change appreciably with grainisize 

or annealing [23].  “Nicks and Daniel” though observed direct correlation between Vo, green 

emission and surface, but did not see any relationship between green luminescence & excitonic 

emissions [24, 25]. Hence, chapter-III consist of investigations of the most favorable spectral 

positions of defects due to CA. We also investigate chemical nature of the defects by means of 

EPR and discover the cause for ferromagnetism in it. 

 

 3.2 Experimental details 

Commercially available pure (99.99%) Zinc Oxide was CA in air atmosphere in muffle furnace. 

To study the optical properties the absorption curve was deduced from reflectanceimeasurements 

in the wavelength ranging from (350-750 nm) by a “UV–Visible spectrophotometer (Perkin-

Elmer λ750)”. Defect related optical luminescence was recorded at RT using “Florescence 

spectrometer (PerkinElmer-LS55)”. The EPR experiment was performed for pure undoped and 

1000ºC annealed sample with microwave frequency 9.412 GHz, and 2mW power (Bruker 

BioSpin) in temperature range of 125K-RT for 400ºC, 800ºC and 1100ºC annealed sample.  The 

g value was calculated using “DPPH (2,2-Diphenyl, 1-picryl hydrazyl,  g= 2.0036) ” 

asiaireference. The magnetic nature of the annealed ZnO nanoparticles was investigated using 

Vibrating Sample Magnetometery (VSM).  
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3.3 Result and discussions 

3.3.1 “Optical excitation and polychromaticdemission"   

 

Figure 3.1: Squaredofdabsorption coefficient (α) plotted with photon energy. 

To study the band absorption & absorption of the various defects lying in the band gap 

reflectance measurements were made. The absorption coefficient was calculated from: 

2𝛼𝑡 = ln [
𝑅𝑚𝑎𝑥−𝑅𝑚𝑖𝑛

𝑅−𝑅𝑚𝑖𝑛
]                                                            (3.1) 

 Where t is the thickness, R is the reflectance for any intermediate photon energy, The 

reflectance decays from 𝑅𝑚𝑎𝑥 to 𝑅𝑚𝑖𝑛 due to absorption of light by sample [26]. Variation α2 

with incident photon energy for undoped & CA samples are shown in figure 3.1. Eg was 
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estimated from Tauc fit to experimental data depicted by dotted lines in figure 3.1. The 

absorption coefficient for direct transitions is given by  

 = (
𝐴

ℎ𝜈
) (ℎ𝜈 − 𝐸𝑔)

𝑚
 

Where, hν is the photon energy, 

Eg is the band gap energy, 

m = 
1

2
 for allowed direct band transitions. 

There is no effectual variation in band gap. It signifies that grainisize subsist in feeble “exciton 

confinement range”, where excitoniwave functiondcoherence is anticipated to accomplish some 

enhancement of oscillator strength and bulk ZnO properties may begin. Therefore, the grain size 

between 65 nm - 90 nm as calculated by XRD is the appropriate range where trapping of surface 

defects, quenching & the dead layer effect become prominent [27]. Broad band tails with low 

energy peak at 2.51 eV and 2.35 eV in pristine and an additional peak at 2.20 eV in CA sample is 

observed. The formations of band tails are attributed to existence of stress in the sample. The 

absorption peaks in visible region are attributed to “Vo”, “Vo
+” and “VZn”. These band tails are 

formed due to inhomogeneous spatial distribution of defects. The distribution produces an 

inhomogeneous local pressure within the sample which leads to fluctuations of bandigap energy. 

These fluctuations in Eg emerges as band tails in absorption curves. This result is in good 

agreement with a report based on spin polarized local LDA along with corrected 

Hubbardiparameter (U) for s orbital, p orbital and d orbital of Zn in ZnO, where authors 

predicted that presence of Vo and/ or VZn strongly contribute in optical absorption in visible 

region of electromagnetic spectra [29]. Vo and VZn exhibit strong absorption peak at 2.73 eV 

(453 nm), 2.42 eV (511 nm), and 2.24 eV (553 nm), 𝑉𝑜
− shows absorption peak at 2.81 eV (440 

nm) and 2.73 eV (453 nm). Hence to explore emissions from these defects three different 

excitation energy at 3.54 eV (350 nm), 3.10 eV (400 nm) and 2.75 eV (450 nm) were chosen to 

excite ZnO samples for PL measurements. 

Photoluminescence is emission of light from sample kept under optical excitation. It is based on 

the principle that electron hole pair (excitons) is created when light of adequate energy are 
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incident on the sample. The electrons jumps to CB and eventually relax to CBM and defect 

centers. If this relaxation is radiative in nature the emitted light is the photoluminescence signal. 

The PL spectra of ZnO are typically divided into two regions. Firstly, they exhibit the 

characteristic band to band transition called a near band edge emission (NBE) in Ultra violet 

region. The peak at 3.19eV called NBE. Secondly, they exhibit strong emission spectra in visible 

region from 400nm to 575nm which is attributed to intrinsic defect states lying between the 

VBM and the CBM. Luminescence in the visible region is ascribed to intrinsic defects of ZnO.  

 

Figure 3.2: PL spectra of CA ZnO samples at excitation energy 3.54eV. 
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Figure 3.3: (a) Deconvoluted Photoluminescence spectra of 400°C CA ZnO at excitation wavelength 370nm, 

(b) Deconvoluted Photoluminescence spectra of 1000°C CA ZnO at excitation wavelength 370nm, (c) 

Deconvoluted Photoluminescence spectra of 1100°C CA ZnO at excitation wavelength 370nm. 

The PL spectra has been deconvoluted and complete graph of 400°C CA sample is shown in 

figure 3.3 (a). Peaks were deconvoluted using Gaussianideconvolution, as shown in colored 

dotted lines and their positions have been marked with arrows. The interesting thing to observe 

that after CA at-1000°C in figure 3.3 (b) and 1100°C in figure 3.3 (c) the peak intensity of NBE 

(3.192, 3.115 and 3.103eV) decreases and that of defect related visible emission peaks enhances 

with a red shift of 20meV-30meV. This signifies increase in surface defects with respect to NBE 

due to high temperature CA (T >1000ºC). The quenched NBE and enhanced defect related peaks 

in visible region could be due to oxidation of surface of grain. Figure 3.4 shows the variation of 

peak intensity of NBE/Zn defect and NBE/O defect with annealing temperature. The ratio of 

peak intensity increases with annealing temperatures which means that only surface defect are 

liable for enhanced defect related peaks. 
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Figure 3.4: Variation of ratio of PL peak intensity of NBE/ Zn to O vacancy with annealing temperature. 

These analyses reveal that defects become more effective at high temperature because 

concentrationigradientibetweenicore and surface encourages the outward diffusion of Zni. The 

oxidation of Zni at surface causes formation of new layer of ZnO on pristine grains. This newly 

formed layer sets up a metal-semiconductor interface, which quenches NBE. These layers act as 

fresh new source of defect and recombination centre. It is exciting to note that grain size of 

pristine and 1000°C CA samples remains same whereas are different in distribution of defects. 

Admodel for explaining the dependence of peak intensity on the CA temperatures and grain size 

is explained below. The ratio of intensities of NBE/defects in visible region for “spherical grains 

of radii R” and “surface recombination thickness t” is given by [30],  

)1
')''(''3

'
(

3

3

)/(





ttRtR

R
C

I

I

OVZnvisible

NBE
                                       (3.2) 
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Where, C is proportionalitydconstant, comprising of “oscillator strength” & is independent of 

“R” and “t”. From equation 3.2 we can conclude that intensitydratio will acquire 

minimumdvalue when the radius of grain and the thickness of surface layer becomes equal i.e. 

“R” = “t”. This means that highest annealing temperature for ZnO at its maximum growth is 

1100ºC. Further the separate region for temperature dependent grain growth and for dominant of 

surface defect are marked with dotted lines in figure 3.4. Dominance of surface defect takes 

place close to ~ “t= R/7”, hence range of surface recombination thickness can be taken as 

“R”/7<“t”< “R”. Grain size results shows highest value of “t”= R/2”. Further, absorption 

coefficient of Zinc Oxide at excitation wavelength (350 nm) is “1.5 x 107 m-1”, the average 

opticaldpenetrationddepth (α-1) & thickness of excitation layer was nearly 66.67nm, somewhat 

close to calculated value of size of grain. Assuming  “diffusionscoefficient of electron De = 5.2 x 

10-8 m2 sec-1” and “exciton life time τex in ZnO ≈ 10-9 second”, recombination layer thickness  

would be: √ Dn τn ≈ 7 nm. This specifies excitation is bulk process whereas recombination of 

photo excited electrons happens at surface. 

 

Figure 3.5: “Variation of INBE/IZn and INBE/IOxygen with inverse of annealing temperature; dotted line shows the 

Arrhenious fit.” 

Activation energy (Ea) of defects on surface with respect to CBM was predicted from the 

Arrhenius equation. Variation of “INBE/Ivisible (Zni/Vo)”versus annealing temperature is plotted in 
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figure 3.5.  Ea  were calculated by fitting equation “INBE/Ivisible (Zni/Vo)= a exp(-Ea/ kBT” to the 

experimental data. Where, a, kB, Ea are the pre-exponential factor, Boltzmann constant and 

activation energy of the defects respectively. The activation energy was 0.5eV for Zni and 

2.65eV for Vo. For Zinc interstitial it reasonably agree with the results reported by Xu et al. 

whereas, for oxygen vacancies it is large. Gavryushindet al. has reported activation energy for 

oxygen vacancy is  ~1.2eV [31-34]. In comparison of experimental and theoretical result (dotted 

lines in figure 3.5) it is concluded that Ea ~ 2.65eV belongs to antisite Zn and Vo-Zni complex. 

Since, Vo-Zni complex or DAP signature are predicted to take place at low temperature. Hence, 

peak in yellow region centered at 2.215eV is because of recombination of conduction electron 

with hole at OZn site. Therefore, cause of different luminescence (depicted by solid lines) in 

visible region can be mapped as shown in figure 3.6. 

 

Figure 3.6: Schematic of visible emission transitions from ZnO. 
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These analysis shows that emission in blue region i.e. from Zni reside in a small area of the 

surface; so any modifications in surface will effect modification in luminescence spectra of Zni 

along withdband bending that occur at surface. The emissions associated with oxygen vacancies 

(green) & complexes (yellow) reside in the core of grain and will remain unaffected.  

To find out the consequences of surface modification on different luminescence regions, the CA 

sample at 1000°C were capped with “polyethyleneiglycoli(PEG)” and “polyvinyl alcohol 

(PVA)”. PL spectroscopy was repeated with same excitation energy. PL emission spectra of 

surface modified ZnO sample is shown in figure 3.7 (a) and figure 3.7 (b). After capping the 

particles by polymers the blue emission from Zni decreases significantly and NBE starts 

enhancing and dominating again. PL peaks related to bulk (Vo and OZn) remain unaffected. This 

means that ZnO annealed at 1000ºC was rich in surface defects. 
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Figure 3.7:  (a) PL spectra of CA 1000°C A capped with PEG and surface modified ZnO at different 

excitations, (b) PL spectra of CA 1000°C A capped with PVA and surface modified ZnO at different 

excitations. 

 

3.3.2 Sub band excitation and emissions 

To observe the effect of thickness of surface layer and its role in PL emission spectrum, CA ZnO 

nanoparticles were excited with photons of energy < Eg i.e. 400nm (3.10eV) and 450nm 

(2.75eV). The sub band emission spectra is shown in figure 3.8 (a), (b), (c) and (d). 
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Figure 3.8: (a) PL spectra at 400nm excitation energy, (b) Extended spectra of 400°C CA samples,  (c) PL 

spectra at excitation 450nm excitation energy,  (d) Extended spectra of 450°C CA samples. 
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The luminescence spectra of ZnO sample CA at various temperatures at excitation wavelength 

400 nm (3.10 eV) is shown in figure 3.8 (a). The complete graph for 400°C CA sample is shown 

in figure 3.8 (b). The experimental data are shown by open circles and the dotted lines shows the 

Gaussian deconvoluted peaks. It is fairly noticed that defect related emission peaks are clearly 

visible with little lower intensity than sample excited with excitation wavelength 350 nm. The 

emission peak at 480 nm (2.581 eV) seems pinned and three new peaks appear at 2.485, 2.350, 

and 2.250 eV respectively. Figure 3.8 (c) depicts the PL emission spectra recorded at excitation 

wavelength 450 nm (2.75eV). Figure 3.8(d) is just extension of the same. For the excitation with 

lower energy the PL peaks are noticeably visible and gets red shifted by ~ 195meV. Most 

exciting part is that deep lying defects can be excited with lower energy. The stability from 

different excitation annealing temperature was confirmed from the pinning of the PL emission 

peak at 2.581eV e.g. once Zni reaches the surface of grain it either gets oxidized or remains rigid 

at surface. The reason of co-emission from various colors is shown in inset of Figure 3.8(b). 

When photon energy is sufficient enough to excite the electrons up to the Zni energy level, but 

not to the CB, majority of electrons get trapped at Zni states & induce effective transition from 

Zni energy level to VB. As CA does not alter the band gap & Zni the blue emission is fixed. 

Concurrently, because of steady state excitation, and RT thermal energy comparable number of 

excited electrons get transferred to the energy level of closely spaced Vo-Zni complexes. 

Radiative transition from these Vo-Zni complexes to VBM gives emission at 2.48 eV. In contrast 

to previous reported results [35], green emissions are still significant under low energy 

excitation. Thus, we propose that green luminescence is due to radiative recombination from 

triplet state of Vo (S=1) to singlet ground state of Vo (S=0). Whereas, orange luminescence 

centered on 2.250 eV is because of transition of electron from Zni to deep defect states. Later on 

by excitation with much lower photon energy i.e. 2.75 eV, where electrons are pumped to the 

excess Zni energy state, only orange luminescence is observed. This is because of transition from 

excess Zni/Vo-Zni complexes to deep defect states, and from Zni energy level to OZn defect or 

effective role from both. Therefore, combined result of XRD, growth mechanism, interband and 

sub band PL emission, the spatial distribution of defects in spherical grains can be visualized.  
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Figure 3.9: Spatial distribution of defects and their emissions within the grains.  

 

The spatial position of defects responsible for  blue and green emission within grains is shown by 

figure 3.9. Spatial distribution was further confirmed by fluorescence imaging method using 

Nikonifluorescenceimicroscope equipped with triple band excitation filter  DAPI,iFITCi,TRITC 

combined with appropriate set of dichromatic mirror. These excitation filters are narrow band 

pass filters in wavelength range of 385-400 nm, 475-490 nm and 545-565 nm respectively. 



77 
 

 

Figure 3.10: Fluorescence image of ZnO with various excitations (a) DAPI, (b) FITC, (c) TRITC, (d) 

Combined fluorescence image of grain.  

 

Figure 3.10 (a), (b), (c) shows the fluorescence imaging of CA ZnO grains corresponding to 

DAPI, FITC, and TRITC. The combined image of grain is shown in figure 3.10 (d). It can be 

observed from the imaging that blue emission seems to come from the whole grain where as 

green and red emission is constrained in small regions. Hence, from the results of fluorescence 

and theoretical model of growth it can be concluded that controlled annealing especially 



78 
 

annealing in steps will tailor the defect distributions within the grain and will change its 

luminescence properties.  

3.3.3 EPR measurements and magnetic studies 

For the technological applications, the chemical nature of these defects must be identified. EPR 

spectroscopy is one of the most potent methods to identify  the chemical & ionic nature of 

defects/impurity in materials. EPR measurements were performed at RT for undoped unannealed 

and 1000°C CA ZnO samples. The EPR spectra of pristine and 1000°C CA ZnO samples are 

shown in figure 3.11 (a) & figure 3.11 (b). 
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The EPR spectra of pristine ZnO seem broad and superimposed. However, 3 distinct peaks are 

marked at g  = 1.99, g  = 1.97 and g = 1.96. They correspond to Vo, Hydrogen, interstitials (Hi) 

and Zni respectively [36-39]. It is exciting to notice that Hi disappears rapidly on CA and merge 

together with Zni as observed by emerging of new strong signal at g=1.96, which is shown in 

inset of figure 3.11 (c). This is because of mixture of signal from Zni complexes, Hi, and metal 

trace present in the sample. Since, Zni and Hi signals seem to be merged at RT, EPR 

measurement were also performed at low temperature in range of 300K to 100K. 
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Figure 3.11: (a) Room temperature EPR spectra of Pristine ZnO, (b) Room temperature EPR spectra of CA 

sample at 1000°C,  (c) EPR spectra obtained at 100K with reference DPPH, inset shows enhanced spectra. 

EPR spectra at 100K show distinctive signature, and for exactness it is re-plotted in figure 3.11 

(c) with standard reference sample DPPHi(2,2-Diphenyl,-1-picryl-hydrazyl,g= 2.0036),where 

inset shows elaborate spectra. It comprises of 4 peaks centered at g value 1.957 (1), 1.959 (2), 

g=1.970 (3) and g = 1.991 (4). These peaks were credited to Zni
+, Zni

+ complexes with Hi and 

ionized-VO [38, 39]. Zni exhibits two distinct g values because it produces a local magnetic field 

inside the crystal lattice which in turn leads to production of anisotropy and indicate that Zni 

resides in two different structural environments.  

LDA along with correlation energy (LDA+U) supports anisotropy in ZnO, as it has been proved 

that structural relaxations around Vo are large and different in various charge states of Vo, 𝑉𝑜
+ & 
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𝑉𝑜
++). For Vo, the 4 nearest neighbor Zn are dislocated inward by 12% of equilibrium Zn-O bond 

length. Whereas, for 𝑉𝑜
+and 𝑉𝑜

++ the dislocations are outward by 2% and 23%. There are 

numerous reports which argument the assignment of EPR signal at g,= 1.96, Vanheusden et al. 

reported that g=1.96 correspond to 𝑉𝑜
+, whereas, Block et.al reported that g,= 1.96 is due to 

neutral shallow donors and signal at g,=1.99 is due to  𝑉𝑜
+ [37-39]. EPR results prove that Zni and 

𝑉𝑜   stay together in sample even after annealing at 1000ºC, and Zni lie in different structural 

environment which could be either oxygen or zinc. It also signify the formation of OZn defect. 

Exchange interaction between theses defects will give interesting magnetic properties which 

were measured with VSM at RT as shown in figure 3.12. 

 

Figure 3.12: M-H curve of CA sample at 200ºC, 800ºC and 1100ºC. 

CA sample at 200°C and 800°C showed the ferromagnetic nature but CA sample at 1100°C 

exhibited a pure diamagnetic signal. The sample at 200°C and 800°C were though ferromagnetic 
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in nature but were saturated at a very less value of magnetic field ≈ 1500Gauss. Low saturation 

implies the existence of defect clusters or the defect pair formation.  

To further explore the cause for ferromagnetism and then transition to diamagnetism in CA 

samples we performed ESR measurements in temperature range of 125K to 275K on 400°C, 

800°C and 1100°C annealed samples. 400°C annealed samples are very rich in defects and 

800°C shows enhanced surface properties. 
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Figure 3.13: (a) Low temperature ESR spectra of CA at 400°C, (b) Deconvoluted shows the low temperature 

ESR spectra of CA at 400°C, (c) Deconvoluted shows the low temperature ESR spectra of CA at 400°C. 
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Figure 3.13 (a) shows the low temperature ESR spectra of 400°C annealed samples from 275K 

to 125K. It`s deconvoluted spectra show the peaks at g value at 1.965, 2.007 & 2.012 which 

means the presence of ionized Zni, Vo and VZn defects respectively. This signal from Zni could be 

from surface or from bulk. The peaks at g value 2.007 seem broad and superimposed. It was then 

again deconvoluted using Lorentzian fits and clear signals at g = 2.002, 1.999 & 1.993 has been 

observed. These signal at g = 1.999 & g = 1.993 are attributed to ionized defects pairs ZniVZn & 

ZniVo respectively. It confirms the interaction between intrinsic defects and hence the existence 

of defect complexes.   

Figure 3.14 shows the ESR spectra of CA at 800°C at low temperatures. Interestingly ESR 

spectra of 800°C show one broad and asymmetric Lorentzian line, rather a Dysonian line shape. 

 

Figure 3.14: Low temperature ESR spectra of 800ºC. 
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This line shape usually arises when skin effect drives the electric and magnetic microwave 

component out of phase in the sample and lead to an admixture of dispersion component into 

absorption one. But in our case penetration depth is of the order of few micrometers i.e. larger 

than grain size so the dispersion component must not be coming from there. Rather a Dysonian 

line shape may occur because of disproportionate surface effects [40]. Hence, signal at g = 1.966 

indicates that Zni is located in surface region or at the grain boundaries.  

Therefore it is expected that ferromagnetic nature of undoped annealed ZnO is due to presence of 

multi domains schematically shown in inset of figure 3.12. Direct interaction between Zni and 

VZn or defect pair via conduction electrons causes ferromagnetism in CA undoped ZnO samples. 

At 1100°C the CA ZnO turned out to be diamagnetic in nature. 
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Figure 3.15: (a) Low temperature ESR spectra of 800°C at , (b) Deconvoluted ESR spectra at 125K. 

This result is further supported by ESR spectra of 1100°C where there is no signature of Zni. 

Only the deep defects pairs were observed at g value. These Zni which served as mediators for 

enhanced coupling between shallow donors were absent and hence could not induce FM. Hence, 

samples at 1100°C turned diamagnetic in nature. 

The variation of g value with low temperature is plotted in figure 3.16 & figure 3.17. The g value 

of Zni for 400ºC and 800ºC decreased with the increasing temperature where as the g value for 

Vo increased with increasing temperature. This implies effect of spin orbit coupling and crystal 

field on Zni defects is very opposite to each other at both the temperatures. The increase in g 

value means the increased spin orbit interaction. It clearly signifies that Zni lie in different spatial 

environment for both the temperatures and experience different SO and CF. 
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Figure 3.16: The g value of Zni plotted with temperatures. 

 

Figure 3.17: The g value of Vo plotted with temperatures. 
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3.4 Conclusion 

The defect related optical & magnetic properties have been discussed briefly in this chapter. The 

defect related properties has been investigated using reflectance measurements & PL 

spectroscopy. It suggests the enhanced emissions from core of the grains while growing where as 

on the breaking of grains the enhanced emission from surface has been detected. The spatial 

distribution of defects inside grains has been recorded by Fluorescence imaging implies that the 

Zni are distributed throughout the surface whereas the O defects remained in the core.  The 

paramagnetic centres have been detected by EPR spectroscopy & magnetic measurements were 

made using VSM measurements. The EPR spectra at 100K suggest the existence of Zni at surface 

as well as core. The VSM suggests that the CA samples exhibit RTFM till 1000ºC but suddenly 

changes to diamagnetic at 1100ºC. The Zni  has been attributed to mediated FM in the annealed 

samples. The absence of Zni at 1100ºC has been reasoned for the absence of FM in samples.  
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CHAPTER 4  

 

“SELECTIVELY ENHANCED DIFFERENT DEFECTS IN 

NANOCRYSTALLINE ZnO: A PATH TO MAKE P-TYPE ZnO 

WITHOUT DOPING BY MULTISTEP ANNEALING”  
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4.1 Introduction 

As discussed in schematic of CA and MSA annealing figure 2.1 the diffusion constants in case of 

multistep annealing will change in every step of annealing. The different distribution of defects 

was initially presumed from the XRD result for same annealing temperatures, for CA and MSA 

the XRD peaks varied differently. The mechanism of multistep annealing has been discussed 

briefly in Chapter-II. It suggests that the kinetics of grain growth and diffusion of defects are 

totally different from CA. The stress generated out of diffusion of Zni along c axis was different 

in nature for both the cases. Hence, we conclude that MSA will lead to different type of defect 

distribution within the grain. In CA we concluded that Zni will migrate to surface and will reside 

on both the core as well as on surface. But in case of MSA Zni will migrate to surface till 200ºC 

but after that when the diffusion coefficients change, the spatial location of Zni and Vo will be 

difficult to predict because they will diffuse anisotropically. The breaking of grain at 800ºC 

implies that the concentration of defects at surface become more than core i.e. the defects 

diffused rigorously towards surface as compared to CA. To investigate for the magnetic, 

electrical and optical properties of MSA ZnO it is desirable to understand how a little change in 

microstructures can lead to different spatial distribution of defects and hence can tailor various 

different properties of the material. Therefore the understanding of the annealing process i.e. 

annealing time, annealing temperature, heating rate is vital to understand above said properties. 

Different groups have reported various annealing techniques like rapid thermal heating, 

conventional annealing, two step sintering, hot pressing or spark plasma sintering etc and have 

reported very different results [1-5].   Conventional annealing technique has been used for ample 

research in ZnO. Spark plasma sintering, a hot press technique with very high heating rate ~ 

100ºC/min was found to be effective in powder sample to achieve densification in nano 

crystalline ZnO. This process allows achieving higher annealing temperatures in very few 

minutes. Hence, to tailor different properties we first need to understand how the defects are 

spatially distributed in ZnO. The question to be answered in this chapter is how this spatial 

distribution is different to CA ZnO and how it tailors the optical and magnetic properties. We 

performed reflectance measurements and PL spectroscopy to investigate the electronics states of 

the defects. To detect the paramagnetic centers in the sample we performed EPR spectroscopy at 

low temperatures. 
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4.2 Result and discussions 

4.2.1 Opticaliexcitation and polychromatic emission   

 

Figure 4.1: Square of absorption coefficient (α) versus with incident photon energy. 

To study the absorption from the various defects lying in the band gap we made reflectance 

measurements for MSA ZnO samples. Variation of square of absorption coefficient (α) with 

incident photon energy for pristine and MSA samples at 400ºC and 800ºC is shown in figure 4.1. 

The optical band gap was predicted from Tauc fit to the experimentalldata shown in the dotted lines. 

A little change in band gap (Eg) was seen. The band gap decreases at 800ºC by 96meV w.r.t pristine 

ZnO. Band gap narrowing at 800ºC without any extrinsic doping is an important result, as band gap 

tuning has always been reported by doping ZnO by transition metal. Wang et al has reported band 

contraction because of increase in concentration of Vo in ZnO [6]. The oxygen vacancies must have 

increased in MSA process and ended up in contraction of Eg as it was validated by enhancement of 
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the phonon mode due to O vibration in Raman spectra. They winded up by saying that band gap 

doesn’t change if the Vo are less in concentration but in case when the concentration is more the 

defect states becomes delocalized and overlap with the VBM and lift the position of the VB 

resulting in shrinking of Eg. The existence of surplus oxygen vacancies at MSA 800ºC is figured 

out. It was even confirmed by Raman spectroscopy with the appearance and broadening of 

longitudinal optical (LO) phonon mode. The band tails like in CA were also noticed in MSA as a 

result of inhomogeneous distribution of defects within the sample [7]. The band tails at 800ºC were 

broader than at other two MSA temperatures. Absorption at 2.56 eV, 2.32 eV and 2.02 eV and 1.86 

eV are attributed to intrinsic deep lying defects of ZnO like 𝑉𝑜
+, Vo, VZn. For 800ºC annealed ZnO 

the peak centered at 2.32 eV is wide & may due to the existence surplus of oxygen vacancies in the 

sample. 

Firstly to see the emissions from intrinsic defects, the samples were excited from excitation 

wavelength 300 nm and 400 nm respectively i.e. the excitation with energy more than and less than 

the band gap energy.

 

Figure 4.2: Photoluminescence spectra of MSA samples. 
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As discussed earlier the PL spectra typically consist of NBE and defect related peaks in the visible 

region. The peak centered at 384.64 nm is from the band to band transition (NBE). The NBE is 

quenched at 200ºC, 400ºC and 600ºC and unexpectedly enhances at 800ºC. NBE peak position 

shifts from Pristine (384.64 nm) to 800ºC (389.33 nm) implying the little shift in band gap energy. 

The band gap narrows at 800ºC by 96meV.   

As suggested in the grain growth mechanism that the defects distributions inside the grains for 

MSA are very different to the CA so their emissions will also be very different. The emission from 

the native defects lying between the VBM and the CBM is observed in visible region from 400 nm 

to 575 nm in the PL spectra.  
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Figure 4.3: (a) Deconvoluted PL spectra of 400ºC MSA sample, (b) Deconvoluted PL spectra of 800ºC MSA 

sample. 

The deconvolution of PL spectra of 400ºC and 800ºC of MSA sample was done. The presence of 

blue emission is denoted by peak B. This peak B is associated with shallow donors i.e. Zni. Its 

position lies 0.27 eV below the CBM. The wide peak “B” is further deconvolutediinto peak B1 (2.94 

eV) and B2 (2.89 eV) and that is due to Zni or Zni clusters i.e. the existence of different states of Zni 

[8].  

The green luminescence has been allocated to O related defects. It is Vo lies 0.9 eV below the CBM. 

Peak labeled F positioned 0.83 eV below the CBM is related to oxygen vacancies. It is further 

deconvoluted into 3 distinct peaks i.e. F1 (2.39 eV), F2 (2.36 eV) and F3(2.28 eV). Threeopossible 

states of Vo exist: neutral oxygen vacancy (Vo), single ionized oxygen vacancy 𝑉𝑜
+ and doubly 

ionized oxygen vacancy 𝑉𝑜
++. Liao et al reported the emission from 𝑉𝑜

++ is in yellow region [9]. So 

the 𝑉𝑜
++ cannot be responsible for emission of F2. The dominant of all the three peaks is F2 and is 

attributed directly to single ionized oxygen vacancy.  



100 
 

In MSA samples the concentrations of defects becomes high and defect-defect interaction becomes 

obligatory to be taken into account. There can be 3 kinds of interactions as reported by Kim et al 

[10]: (i) Columbic repulsion between Zni-Zni (ii) Interaction between Vo-Vo (iii) Interaction 

between the Vo-Zni and formation of complexes. Vo-Zni is the most favorable complexes because of 

their low formation energy. They lie somewhere between the energy states of Vo and Zni. The peak 

C (2.80), D (2.7ev) and E (2.5ev) are attributed to the complexes of Vo-Zni. Minor differences in the 

energies of these complexes arise from their varying separations in the ZnO lattice. The defect 

evolution was investigated by plotting intensity ratio of F, E, B peaks with respect to NBE versus 

annealing temperature as shown in figure 4.4. The nature of Zni and Vo-Zni complexes were 

derived. It was found that the variation of peak F was different from the nature of peak B and peak 

E implying that the Vo were found to be varying strongly with MSA temperature meaning thereby 

that the diffusion of oxygen vacancies were rigorous.  

 

Figure 4.4: Variation of Intensity ratio of defect complexes with respect to NBE versus multistep annealing 

temperature. 
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4.2.2 Sub band excitation and emissions 

To authenticate the stability of Vo-Zni and defects lying within the band gap we did PL 

measurements by sub band excitations. Further from the excitation wavelength of 400nm the 

samples were excited and PL was recorded. The results which aroused the curiosity were the stable 

emissions from Vo-Zni and existence of intensified emissions from oxygen vacancies at 800ºC as 

shown in figure 4.5. The luminescence from Vo asserted exceptionally wide luminescence peak and 

dominated the emissions from Vo-Zni. The enlarged & wide luminescence confirms the subsistence 

of excess Vo in the sample.  Zni are shallow defects usually lying on the surface as well as the bulk 

of the grains so they can be easily tailored by CA where as oxygen vacancies lie somewhere in the 

deep and hence cannot be easily tailored. Therefore, one can conclude that MSA can provide plenty 

enough energy to Vo so that they can migrate and diffuse throughout the grains. After 400ºC in 

MSA process, the formation of Zni stopped; Vo made complexes with Zni till 600ºC and then at 

800ºC when the complexes formation saturated only the Vo increased. 

 

Figure 4.5: PL spectra at excitation wavelength of 450nm. 
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4.2.3 EPR measurements and magnetic studies    

To investigate magnetic studies of MSA samples we performed Room Temperature VSM as 

shown in figure 4.6. 

 

Figure 4.6: M-H curve of all the MSA samples.  

It was observed that the MSA ZnO samples till 600ºC shows a pure ferromagnetic behavior. The 

inset shows small but significant value of coercive field and remnant magnetization. The MSA 

samples annealed at 800ºC shows a pure diamagnetic behavior and MSA samples at 400ºC shows 

the maximum magnetization. Figure 4.7 shows variation of saturation magnetization with annealing 

temperature. It is maximum at 400ºC and minimum 800ºC. The transition from FM to 

diamagnetism occurred at 800ºC in case of MSA. 

Hence, we choose two temperatures 400ºC (FM) and 800ºC (diamagnetism) for EPR at low 

temperatures till 125K.  
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Figure 4.7: Magnetization versus MSA temperature. 

Figure 4.8 (a) and (b) shows the low temperature ESR spectra for MSA 400ºC and 800ºC samples at 

various temperatures. 
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Figure 4.8: (a) ESR spectra of 400ºC MSA sample from 275K to 125K, (b) ESR spectra of 800ºC MSA sample 

from 275K to 125K. 

The ESR spectra of 400ºC show one and only signal centered at g value 1.965 which is attributed to 

Zni. The signal coming from Zni lies in the core as well as the surface. The peak to peak intensity of 

this peak as shown in figure 4.9 (a) decreases with increasing temperature after 200K, where as 

peak to peak intensity at 800ºC increases by a very less value. Contrary to this the line width of Zni 

at 400ºC remains unchanged but at 800ºC it changed significantly.  
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Figure 4.9: (a) Variation of peak to peak intensity of MSA 400ºC and 800ºC with temperature, (b) Variation of 

line width of MSA 400ºC & MSA 800ºC with temperature. 

Significant change in line width implies that the spin lattice interaction. Samples at MSA 800ºC are 

rich in surface defects as proved by structural studies, grain breaks and increases the surface defects. 

The ESR signal seems very asymmetric at 800ºC. This could be attributed to anisotropy due to 

breaking of grains and defect diffusions.The line width is almost constant in case of 400ºC as 

compared to 800ºC. This could be attributed to increased spin lattice interactions at 800ºC as the 

grain breaks. 

 

Figure 4.10: ESR spectra at 200K for 400ºC and 800ºC MSA sample. 
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We then plotted EPR of both the temperatures at 200K. Figure 4.10 clearly shows that at 400ºC 

there is only signal attributed to Zni whereas at 800ºC there are signals from Zni as well as Vo. The 

signal at 800ºC is asymmetric and has a Dysonianiline shape. Hence, the ferromagnetism at 400ºC 

is clearly attributed to Zni defects at the surface as well as the core.  

4.3 Comparative study of conventional and Multi step annealing 

With the help of different characterization techniques the different analysis based on defect related 

studies has been made.  The conclusion and differences in both the studies are made as following: 

 

4.3.1 Mechanisms 

In CA annealing the diffusion coefficients and the diffusion barriers are constant where as in 

case of MSA the diffusion constants of the defects are not fixed. They change in each step of 

annealing which means that the diffusion of defects in MSA does not remain isotropic during the 

process. The defect diffusion takes place differently in each step and defects relocate differently 

within the grains. The schematic of grain growth and distributions of various defects is shown in 

figure 4.11. According to grain growth model of in CA the Zni diffuse to surface and Vo remain 

in the core of the grain. The concentration of Zni at surface becomes more but in case of MSA 

the defects migrates randomly in each part of the grain.  

A uniform distribution of defects does not take place as the diffusion constant of defects keep 

changing in every step of MSA. Hence, it becomes very difficult to spot the actual site of the 

defects within the grain. Defects interact with each other. The complex formation of Zni with Vo 

has also been observed with help of photoluminescence spectroscopy. 
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Figure 4.11:  Schematic of distribution of defects within the grains in CA and MSA process. 

 

4.3.2 Morphological studies  

From the FESEM studies, as shown in figure 4.12 (a) and (b) we found that at temperature 400ºC 

the shape of grains was perfectly spherical in case of CA where as in case of MSA the grains 

were cylindrical rod like structures and hexagonal shaped grains. It implied that the defects 

diffusion was not isotropic in all directions but was directional in case of MSA. As the MSA 

temperature increased the rods started becoming thicker and thicker and finally converted into 

spherical structures. Diffusion equation was further solved in spherical coordinate system for CA 

where as in cylindrical coordinate system for MSA which implemented very different results and 

different distributions.  
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Figure 4.12: (a) FESEM image of CA 400ºC, (b) FESEM image of MSA 400ºC, (c) FESEM image of 

CA 600ºC, (d) FESEM image of MSA 600ºC, (e) FESEM image of CA 800ºC, (f) FESEM image of 

MSA 800ºC 
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Figure 4.12 (c) and (d) shows the FESEM images of 800ºC CA and MSA samples. We see that 

at 800ºC the grains due to MSA transformed into spherical grains where the grain boundary 

formation is clearly seen. The defects at grain boundaries, their interactions and their influence 

on magnetic properties are of great importance.  

4.3.3 Photoluminescence studies  

The different distributions of defects during CA and MSA can be visualized by 

photoluminescence emissions from defect states. There exist a huge difference between the 

emission at 400ºC from CA and MSA. According to the spatial distributions of defects within the 

grain as discussed in chapter-II emission in NBE is attributed to defects in the core whereas 

defects in green and blue visible region at attributed to defects on the surface. The NBE seems 

enhanced in case of CA where as it seems quenched for MSA with respect to defects related 

visible emissions. This means that concentration of defects in CA due to 400ºC was more in the 

core of the grain where as for MSA the defects at surface were more.  
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Figure 4.13: (a) PL spectra of CA and 400ºC MSA sample (b) PL spectra of CA and 600ºC MSA sample, (c) 

PL spectra of CA and MSA at 800ºC. 
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From figure 4.13 (b) we see again the defects related visible emission was more and NBE was 

quenched where as at MSA 800ºC. At 800ºC the grain size reduced and surface defects were 

expected to be more but contraction prevailed in PL. This means that defects were randomly 

distributed in the grains in contrast to the systematic distribution in CA. Hence, we conclude by 

saying that annealing at one temperature by two different techniques leads to very different 

distributions of defects within the grain and hence will tailor all the defect related properties 

within.  

4.3.4 EPR and Magnetic studies 

For the identification of chemical nature of the intrinsic defects we performed EPR spectroscopy. 

We found that as the defect distribution was different found from PL spectroscopy the EPR 

spectra were also very different for CA and MSA. In figure 4.14 we see the EPR spectra at 125K 

for 400ºC & 800ºC. For CA there was a clear signal for Zni (g = 1.96) and Vo (g = 1.99) whereas 

for MSA there was no signal for Vo. Similarly, in case for 800ºC the EPR signal is for both Zni 

as well as Vo. The Zni signal in CA appears broad and asymmetric can be thought as Dysonian 

line shape which particularly arises from the surface effects. This signal could be arising from 

Zni at the surface as well the core.  

 

Figure 4.14: EPR spectra of CA and MSA at 400ºC and 800ºC. 

When the magnetic properties of the CA samples were studied it was found that transition from 

ferromagnetism to diamagnetism occurs at 1100ºC where as in case for MSA this transition 

occurred at 800ºC as shown in figure 4.15. The Zni acted as mediators for mediating 



112 
 

ferromagnetism in CA where as in case of MSA there was the existence of Zni and Vo when the 

samples exhibited diamagnetism.  

 

Figure 4.15: M-H curve of MSA and CA of 800ºC and 1100ºC.  

4.4 Conclusion 

The defect related optical & magnetic properties have been discussed briefly in this chapter. The 

emissions from core as well as defects from the surface have been recorded in ZnO. From the 

sub band excitation the deep defects are also excited and it was found that green emission was 

due to transition from triplet to singlet state. The MSA samples exhibited RTFM but showed 

diamagnetic behaviour at 800ºC. This means that two annealing techniques lead to two different 

mechanisms of grain growth which inturn altered almost all properties.  
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CHAPTER 5 

 

“DEVELOPMENT OF CoO AND NiO DOPED ZnO BASED DMS: 

A PROMISING MATERIAL FOR SPIN ALIGNER” 
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5.1 Introduction 

Crucial point to ensure the development of spintronics device is the development of the spin 

aligner material which is ferromagnetic at RT and act as a source of spin polarised electrons. 

There comes the concept of DMS which comprises of doping of host semiconductor material 

with very small concentrations of dopant. DMS is formed by substituting the cations of ІІІ–V or 

ІІ–VІ nonmagnetic semiconductors by ferromagnetic/antiferromagnetic Mn, Fe, Co and Ni, 

which exhibits exceptional magneto-optical and magneto-transport properties [1-4]. Room 

temperature ferromagnetism (RTFM) in transition metal (TM) doped ZnO has been predicted by 

numerous groups, Rath et al. studied the magnetic property of ZnO: Co nanoparticles and 

reported that the material exhibits paramagnetic behavior. Rao et al. explored the structural, 

optical and electrical properties of ZnO thin films prepared by spray pyrolysis technique. 

Bappaditya Pal et al reported RTFM in Co doped ZnO by solvoi-thermal route. Song et al 

reported RT FM and a high Tc of 750 K for the Co doped ZnO ferromagnetic films [5-8]. Among 

all transition metals, NiO doped ZnO is one of the controversial topic, though Zn1-xNixO (x=1-

4%) has shown ferromagnetism at high temperatures. There remains a great deal of controversy 

on the origin of ferromagnetism in Zn1-xNixO, W. Yu et al reported RTFM in Zn1-xNixO thin 

films at x = 1,3,5%, meanwhile T. Wakano et al. reported superparamagnetism at x= 25%.  In 

immediate contrast to this, other authors have reported the absence of ferromagnetism in Zn1-

xNixO [9-11]. Satyarthi et al. reported the coexistence of intrinsic and extrinsic origin of RTFM 

in Ni ion implanted ZnO film. Singhal et al. reported the FM in hydrogenated and vacuum 

annealed Ni doped ZnO disappear upon long reheating in air at very high temperature of 700ºC 

and 800ºC respectively [12]. TM (like in Co it is 1s2, 2s2, 2p6, 3s2, 3p6, 4s2, 3d7) VB electron in 

4s orbital and have partially filled d orbital. The first theory dealing with FM is driven by 

exchange interaction between carriers and localized magnetic moment was first proposed by 

Zener. It predicts that direct super exchange between carriers and magnetic ions does not give 

rise to ferromagnetism but indirect super exchange does. Hence, DMS are typically identified by 

exchange interaction between localized electrons of d shell of magnetic ions ( Co, Fe, Ni etc)  

and delocalized band state of s and p origin i.e. zinc interstitial and oxygen atom. Several 

theoretical models have also been put forward to explain the ferromagnetism as carrier mediated 

exchange interaction, bound magnetic polaron etc [13, 14].   It is very difficult to detect the local 
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structure of magnetic ion their microscopic cluster formation in host material. In this chapter we 

report the local structure variation around Co and Ni ions in ZnO host lattice by XRD and 

Raman scattering measurement and magnetic properties by room temperature VSM and ESR 

measurement. In order to probe local micro-cluster formation of dopants, low temperature ESR 

(5K - 85K) measurement were carried out.  

5.2 Experimental details 

Polycrystalline TM doped ZnO were prepared by solid state reaction method. High purity CoO 

and NiO were used for doping. These materials were carefully mixed by their weight percents 

and were crushed in mortar pestle for 3 hours. The powder was then annealed by CA method at 

1100ºC for 2 hours. As the CA ZnO was diamagnetic in nature at 1100ºC so we chose this 

particular temperature. The CoO doping was done for 1, 2, 4, 6, 8 and 10% and NiO doping for 

0.5, 1, 1.5, 2, 2.5, 3 and 3.5%. For structural characterization and local crystal structure around 

dopants, XRD and Raman scattering had been employed. VSM was employed for magnetic 

characterizations. To investigate the unpaired spins we performed EPR at RT as well as at low 

temperature.  

5.3 Result and discussions 

5.3.1 X-Ray diffraction studies of Zn1-xCoxO 

Figure 5.1 shows the XRD spectra of CoO doped ZnO for various doping concentrations. All the 

diffraction peaks viz (100), (002), (101) corresponds to hexagonal wurtzite structure ZnO crystal 

and hence implies that Zn1-xCoxO was successfully prepared. It should be noted that no 

secondary peak related to Co cluster or any other metal oxide or impurity was observed.  
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Figure 5.1: XRD pattern for undoped and CoO doped ZnO annealed conventionally at 1100ºC. 

 

Figure 5.2: Variation of peak 100 with 2 of all Zn1-xCoxO (x =0, 2,4,6,8 10%) samples. 
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Although a clear shift of diffraction peaks towards lower angles with increase of % doping 

(marked with red line) is clearly depicted in figure 5.2, suggests the existence of tensile stress 

inside the grains.  The lattice parameters “a”, “c” for hexagonal ZnO were calculated by  

 . The cell volume “V” of the unit cell was calculated by lattice parameters 

as . 

 

 

Figure 5.3:  (a) Variation of lattice parameter a and c with CoO doping, (b) Variation of ratio of c/a with CoO 

doping %; Inset shows the variation of volume with % doping. 

(a) 

(b) 
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It is observed from figure 5.3 (a) and (b) that lattice parameters a, c first decreases then increases 

for > 2% doping, because for 1% CoO doped sample annealing cause diffusion of Co along 

crystal c-direction and suppresses further diffusion along c axis. The Co2+ can either go to either 

tetrahedral site or octahedral site. Although, a, c and volume increases with the % doping but this 

change seems nominal e.g. of the order of difference of ionic radii of Co2+ and Zn2+ (Zn2+ 

0.60Aº, and Co2+ 0.58Aº). The minimal change exhibited in a, c proves that Co ions are not at 

the octahedral site of wurtzite structure as it would lead to significant increase in these quantities 

because octahedral divalent Co has radius between 0.65Aº (low spin) and 0.75Aº (high spin).  

 

(a) (b)

(c) (d)

 

Figure 5.4: Microscopic picture of Co clustering, when Co occupied tetrahedral position in ZnO [16]. 
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5.3.2 Magnetic properties of Zn1-xCoxO 

To investigate the magnetic properties of the Co doped samples we performed Room 

temperature VSM as shown in figure 5.5. 

 

Figure 5.5: M-H curve of Zn1-xCoxO at x = 2, 4, 6, 8, 10%. 

 

We found that all the Co doped ZnO samples exhibited the ferromagnetic behavior except for 

that of undoped ZnO.  This ferromagnetism could be attributed to Co incorporation in the lattice. 

Ferromagnetism can arise from existence of Co-Co direct interaction, or Co-Co interaction via 

some mediator like Vo or Zni. To investigate the paramagnetic centers we readily employed EPR 

measurement at room temperature as well as at low temperatures both.  



123 
 

 

 

 

 
(a) 

 

(b) 
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Figure 5.6: Normalized room temperature ESR spectra of CoO doped ZnO. Dotted lines show 

constant resonance (No g shift with doping (a) All doing percentages (b) CoO doping 2%, 4% & 8%: inset 

shows EPR spectra fpr 1% doping (c) CoO doping 6% & 10%. 

RT EPR is shown in figure 5.6, for different doping percentage. It is clear from figure 5.6 (a) that 

resonance g value is not changing with doping percentage (shown by dotted line), although 

normalized EPR shows significant broadening of resonance line at 300 mT. Broadening of EPR 

lines occurs due to dipolar exchange or spin-lattice interaction. The EPR spectra of Codoped 

ZnO at 1% recorded at 5K is shown at the inset of figure 5.6 (b). These lines are characteristics 

of spin  coupled with nuclear spin  of Co+2. Only 1 % CoO doped ZnO reveals hyperfine 

interaction. Our sample is a powder sample, polycrystalline in nature hence it shows signal for 

both  magnetic field perpendicular to c axis and parallel to c axis corresponding to two different 

values of Lande`s g factor;  gǁǁ (H || c) at 2.24 and g┴ (H ┴ c) 4.28  simultaneously. These values 

of gǁǁ and g┴ are very close to previously obtained value for single crystals [15]. Interesting, 

hyperfine splitting is found only in the case when magnetic field parallel to c axis. It is absent in 

(c) 
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case of perpendicular configuration. Rest of the sample does not show any signature of hyperfine 

interaction as shown in figure 5.7 (b). Although, they exhibit a clear peak at gǁǁ = 2.24 and g┴ = 

4.28 respectively. Inset of figure 5.7 (b) shows variation of peak to peak width of resonance line 

with doping percentage, EPR line width increases linearly with increase of doping fraction. This 

reveals strong spin-spin and spin lattice relaxations. The line width of the EPR signal can be 

written as , Where T1e is the spin lattice relaxation time T2e spin-spin relaxation 

time. Both spin-spin and spin-lattice relaxations contribute to EPR signal i.e. when the system 

returns to equilibrium it involve the spin flips to lower energy state and excess energy is lost to 

surrounding in form of heat.  

Going back to VSM and XRD measurement, VSM indicates the increase of saturation 

magnetization till 6% and decrease after that. Noticeable point is saturation occurs at very low 

magnetic field ~2000 Oe, this could be signature of Co clustering. Whereas, XRD measurement 

indicate  that Co ion is replacing Zn ion in tetrahedral geometry, and with increase of doping 

percentage XRD peak shifts towards lower angle till 6% which becomes constant after that. 

Shifting of XRD peaks towards lower angle implies development of tensile stress/strain within 

the grains, hence, increase of SO coupling. Microscopic origin of Co clustering in ZnO can be 

visualized as shown in figure 5.4. In this figure Co atom is indicated by dark blue ball with spin 

as arrow, Zn atom wit turquoise light, and O atom with red in color respectively. The bond 

length between atoms was taken from Local spin density approximation combined with Hubbard 

parameter U (LSDA+U). Microscopic picture of Co clustering in ZnO can be packed into 

following points.  

(i)  Single Co atom in unit cell irrespective of in plane and out plane configuration as 

shown in figure 5.4 (a). In this particular case, bond length between Co and oxygen 

atom is 1.98 A, and Co induces a positive spin polarization on the neighboring 

oxygen atoms. Electronically, unit cell is now enriched with three different atomic 

orbital’s (d orbital’s from Co, s orbital from Zn, and p orbital’s from O). Therefore, 

FM in lightly doped DMS ( <1%) can be taken as due to sp-d exchange.  

(ii)  Second possibility is two Co atoms substituting two Zn atoms in same unit cell, 

which is shown in figure 5.4 (b). Co atoms can take position in plane or out of the 
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plane. Distance between Co-Co atoms are 3.20 Aº and 3.24 Aº for out of plane and in 

plane configuration respectively. This difference of separation of Co atoms is almost 

~ .04Aº, therefore anti-ferromagnetic and FM states are supposed to be degenerate. 

This also indicates a very short ranged magnetic interaction between Co atoms 

together with smallest cluster formation.  

(iii) Third possibility is occurrence of three Co atoms in single unit cell. This give total 

three possible arrangement of Co atoms in tetrahedral geometry as shown in figure 

5.4 (c). Out of these structures, ground state structure according to LSDA+U is close 

triangular configuration in which first two Co atoms lies in x-y plane, while third lies 

out of the plane. Although, the difference in configuration energy of these three 

geometries is only few meV, hence any of the configurations can be picked up for 

explaining micro clustering. For large percentage doping or in extreme case one can 

assume all Zn atom is being replaced by Co in unit cell, in this case, most common or 

favorable geometry will be pyramidal structure, figure 5.4 (d). It is important to 

mention that in plane or out plane Co atoms are coupled anti ferromagnetically, 

hence,  formation of Co trimmers or tetramers  in single unit cell will result in 

decrease of resultant ferromagnetic coupling as compared to monomer and dimmer 

Co atoms. Therefore, it is reasonable to expect that saturation magnetization will 

decrease with increase of cluster size or particle size.  

In this particular case of micro cluster formation, Co spin align itself in such a way that distance 

between coupled Co atoms decreases in plane, whereas out of the plane distance increases. 

Since, metallic clusters are difficult to observe by XRD measurement it is difficult to measure 

Co-Co distance. Although, it is quite intuitive that decrease or increase of in plane or out plane 

Co-CO distance will result in significant increase of Zn-Zn distance, because of their difference 

in ionic radii. Zn-Zn in plane distance (a) increases with cluster formation which is shown in 

figure 5.3 (b). Further in order to confirm Co-Co dimmer formation low temperature ESR at 5K 

were performed in rising field and falling field as shown in figure 5.8 (a) and (b).  
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Figure 5.7: EPR spectra of Co doping at 1% performed at 5K. 

(a) 

(b) 
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Figure 5.8: (a) EPR spectra of Co doping at 1% for g┴ performed at 5K and 25K, (b) EPR spectra of Co 

doping at 1% for gǁǁ  performed at  5K ,25K, 45K, 65K and 85K. 

(a) 

(b) 
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This shows a shift of EPR signal by 12Gauss which indicate small amount of metallic Co cluster 

which shift the resonance line when magnetized. This shift was observed only in case of g┴ 

resonance line at 155 mT. It reveals the information about the existence of Co metallic cluster 

along the c axis. Meaning thereby that at 1% doping Co diffused along c axis and formed 

clusters. It inhibited the further growth of Co towards this axis and for doping % > 1% Co 

diffused along axis a axis i.e. perpendicular to c-axis.   

Microscopically, the effective internal field for parallel and perpendicular orientation of crystal 

axis c and applied magnetic field B must be different, and magnetization of micro clusters should 

shift the resonance line towards higher value for parallel (B\\c) and lower value for perpendicular 

(B┴c) respectively. Only 12G shift for B┴c and negligible shift for B\\c, although red line in 

figure 5.8 (b) seems to inclined towards higher field is observed. Shift of 12G is very small as 

compared to shift from pure paramagnetic clusters. This also confirms the occurrence of micro 

cluster of Co atoms in the sample. This was further confirmed from Raman scattering 

measurement as shown in figure 5.9. In addition to regular Raman mode from undoped sample, a 

comparatively weak and broad Raman band at 484cm-1 was observed due to surface phonons. 

With the doping two interesting facts were noticed (i) The enhancement and broadening of 

phonon modes (ii) Sharpening of phonon band after 6% doping. The broadening of phonon mode 

reflect the deterioration of the host lattice by the distortion of local atomic arrangement around 

magnetic impurity and sharpening of peaks resembles the phonon modes of Co2O4 e.g. CoO 

clusters which were not detected by XRD measurement. Therefore, origin of intrinsic 

ferromagnetic nature in ZnO based DMS is questioned by Raman and easily get answered by 

spin measurement. Because if cluster formation takes place Co-Co dimmer is more likely to 

occurs but we did not observed any signature of dimmer in ESR. This shows negligible amount 

of Co2O4 phase.  
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Figure 5.9: (a) Raman spectra with increasing doping percentage, (b) De-convoluted of 2% CoO doped 

sample, (c) De-convoluted of 10% CoO doped sample in 350-600 cm-1range, (d) De-convoluted of 10% CoO 

doped sample in 200-400 cm-1range. 
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5.3.3 Magnetic properties of Zn1-xNixO 

All the Zn1-xNixO doped samples show a pure ferromagnetic behavior with respect to undoped 

ZnO, as shown in figure 5.10. It also reflect same trend as of CoO doping in terms of 

magnetization. Saturation magnetization first increases with increase of NiO doping then 

decreases.  

Figure 5.11 shows EPR spectra of 0.5% NiO doped ZnO. In this figure, we recognize the Co2+ 

powder signal by its form and its position (150 mT). The big structure around 340 mT is 

recognized as Mn2+ powder signal because of its global position. Another point allowing 

identification is that Co2+ relax very quickly because of its big spin-lattice coupling, so that the 

EPR intensity is expected to decrease rapidly with temperature, whereas, on the contrary, Mn2+ 

ions relaxes slowly, and have a weak temperature dependence of their EPR lines. It is important 

to mention that host material was 99.99 % pure and CoO and NiO were 99.5 and 99 % pure (as 

claimed by Sigma Aldrich), even though we observe strong magnetic and ESR signal from 

impurity. 

 

Figure 5.10: M-H curve of Zn1-xNixO at x = 0.5, 1, 1.5, 2, 2.5, 3 and 3.5 %. 
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Figure 5.11: EPR spectra for Ni doping at 0.5% at 15K, 25K, 45K and 65K. 

Therefore, it is difficult to reach at microscopic origin of ferromagnetism in Ni doped samples. 

Although, VSM measurement indicates clustering of Ni atoms in host material, as magnetization 

get saturated at very low magnetic field. Spatial position of Ni in host material (tetrahedral or 

octahedral) is also not known.    

5.4 Conclusion 

In conclusion, transition metal doped bulk sample always tend to form metallic mircoscopic 

clusters in host material which is difficult to get detected by XRD spectra. For spintronics 

applications, much lower doping fraction is needed i.e. less than 2% for Co and < 5% Ni. 

Although, CoO maintains crystal structure and enhances silent feature of Raman modes but 

Raman modes of Ni doped samples are very complex, and shows enhancement of surface 

phonon mode. Hence, powder samples grown by wet chemical method or sol-gel techniques and 

thin film made by spin coating will not be good material for making spintronic devices. Only 

thin films made by atomic layer deposition (ALD) method or pulsed laser deposition (PLD) 

methods at high substrate temperature can be suitable method for making spin based devices.   
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CHAPTER 6 

“SUMMARY AND FUTURE SCOPE” 
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6.1 Summary  

Dilute Magnetic Semiconductors have numerous applications in spintronics and optoelectronics 

due to magnetic and electric properties of the host and the dopant in it. Many research groups 

synthesize and characterize ZnO and transition metals (TM) doped ZnO bulk/thin films and 

nanostructures by various methods but most of them achieved RTFM due to impurity phases or 

metallic clusters. The successful insight of most spintronics applications depend critically on the 

ability to create spin-polarized charge carriers in a conventional semiconductor in a device 

structure. ZnO turn out to be a potential material in terms of wide direct band gap material 

having high exciton binding energy and various defect related optical and magnetic properties. In 

this thesis we extensively studied the host material before doping it with transition metal ion. The 

defects inside pure ZnO have been primarily studied by processing it with annealing. The effect 

of annealing on structure of ZnO has been studied by X-Ray diffraction technique, the 

morphologies by Field emission Scanning electron microscopy, defect related studies by U-V 

visible spectroscopy and photoluminescence spectroscopy, magnetic studies by vibrating sample 

magnetometer and detection of unpaired electrons by EPR. 

In the first objective i.e. Chapter-II of the thesis, ZnO has been annealed using two different 

techniques viz CA and MSA techniques at high heating rate using a muffle furnace for 2 hours. 

Based on fundamentals it is proposed that the mechanism of both the techniques is different in 

terms of the varying diffusion constants. The diffusion of intrinsic defects of ZnO depends 

highly on the diffusion coefficients and diffusion barriers. The diffusion barriers in case of CA 

remains constant where as in case of multistep annealing they differ at each step of annealing 

leading to anisotropic distribution of defects within the grains. The XRD results reveals that in 

CA the strain oscillates from compressive to tensile whereas in case of MSA exactly opposite 

happens. The defect migrates in different directions and hence distributes differently in both the 

cases. To understand the diffusion of defects within the grains diffusion equation was solved in 

spherical and cylindrical polar coordinates. The FESEM images of CA suggest that shape of 

grains after annealing are perfectly spherical where as for MSA grains have different shapes such 

as cylindrical, hexagonal as well as spherical. For MSA we found that with increasing the 

annealing temperature the rods started becoming thicker and gradually transformed into spheres. 



140 
 

Solving the diffusion equation for spherical coordinates we proposed a grain growth model 

which suggests that grain growth during CA involves the diffusion of Zni towards surface of the 

grains. When the concentration of Zni on the surface becomes more than the concentration at 

core the densification start taking place and grain breaks. The grain breaking leads to excess 

surface defects. For CA this happens at 1100ºC and for MSA it happen 800ºC. 

In the second objective i.e. Chapter-III of the thesis the defects and defect related optical and 

magnetic properties of CA annealed ZnO were investigated. Photoluminescence spectroscopy 

has been employed to locate the defect states within the bang gap. The samples were excited 

from the excitation energy more than the band gap energy and characteristics band to band 

transitions and defect related visible emissions were recorded. The NBE was supposed to come 

up from the core of grains where as the defect related emissions were from surface as well as the 

bulk. The blue emission related to Zn defects and green emission related to Vo was observed. 

Initially for all the temperatures till 1000ºC the NBE seemed dominating over all other defects 

where as for 1100ºC the emission from the near band was found to be quenched. This approved 

the grain growth model for CA that the excess surface defects lead to enhanced visible 

emissions. To see the chemical nature of defects we performed EPR and found the existence of 

Zni, Vo and hydrogen related defects. On annealing at 1000ºC the EPR signals from Zni which 

was a secondary proof to our grain growth model seemed enhanced meaning thereby that the 

signal came from both the bulk as well as the core. To further resolve the different signals from 

Zni the EPR was performed at 100K. This EPR suggested two clearly resolved signals from Zni 

at the surface as well as the core. The interaction of these paramagnetic centres gives rise to 

RTFM. When the M-H curves of the CA samples were investigated it was found that all pristine 

samples were diamagnetic in nature. With annealing temperature the samples exhibited FM till 

800ºC and then showed diamagnetism at 1100ºC. To investigate the cause of FM we performed 

low temperature EPR for sample CA 400ºC (ferromagnetic) and 1100ºC (diamagnetic). The 

existence of Zni, Vo, VZn, Zni-VZn (donor-acceptor pair) and Zni-Vo was found at 400 ºC whereas 

for 1100ºC no signal for Zni was observed. It was found that there were signals from Vo and VZn 

but not the Zni. Hence for this it is concluded the absence of Zni leads to diamagnetism means 

that Zni act as mediators between Vo and VZn to produce FM. There absence leads to no carrier 

mediated FM. Further the Fluorescence image of CA ZnO grains corresponding to DAPI, FITC, 
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and TRITC were taken to represent combined image of the grain. It was visually clear that blue 

emission was distributed within entire grain, whereas green and red emissions are confined in 

small region. The blue emission was attributed to presence Zni and green to oxygen vacancies. 

Hence, theoretical model of growth and fluorescence images proves the model for defect 

distribution within the grain. It was therefore concluded that more controlled annealing; specially 

two or three step annealing will greatly change the defect distribution and their emission 

properties. Hence, it will lead to tailoring of various optical and magnetic properties. 

In the third objective i.e. Chapter - IV of the thesis we performed the same characterizations for 

MSA samples as we did for CA samples. The defects were investigated by PL spectroscopy and 

EPR measurements. The absorption curve implies the change in the Eg at MSA temperature at Vo 

and VZn at 800ºC. The change in the Eg has previously been reported by various authors and has 

been attributed to enhanced oxygen vacancies in the sample. From the PL measurements we 

found that the spatial distributions of defects within the grains were not uniform. The defects 

were randomly distributed all over the grains. The defect related emissions seemed enhanced for 

all the MSA samples which mean that there were defects present due to MSA. When the sub 

band excitations were performed it was found that the emission from the defects clusters and 

complexes were almost constant for all the temperatures. The emission from the oxygen 

vacancies were found to be enhanced at 800ºC. These enhanced oxygen vacancies were 

attributed to narrowing of band gap. It was then confirmed by Raman spectroscopy also when the 

E1 (LO) phonon mode due to oxygen vacancies was found to be enhanced.  

In the fourth objective i.e. Chapter–V of the thesis, a material for spin aligner has been 

developed i.e. the ZnO based DMS has been studied. Host material ZnO has been dilute doped 

by TM oxides CoO and NiO by solid state reaction. In the Co doping for 1% the hyperfine 

interaction between Co-Co ions has been detected at 5K by low temperature EPR measurements. 

As the sample was polycrystalline in nature the magnetic field was applied parallel and 

perpendicular to c axis simultaneously. The Co-Co hyperfine interaction was observed in case of 

magnetic field applied perpendicular to c axis. From XRD an appreciable shift in lattice 

parameters of Co doped samples was not observed. The EPR spectra of low temperature were 

then recorded in rising and falling fields. It was observed that the difference in EPR signal 

differed by a value of 1.2 mT for field in the direction parallel to c axis. This lead to a conclusion 
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that there was existence of Co clusters along c axis. The lattice parameter had decreased for 1% 

Co doped samples and then increased for all other doping concentrations. This means that Co 

initially diffused along c axis and formed clusters. When the concentration of Co ion was further 

increased it diffused along channel perpendicular to c axis.  

6.2 Future Scope 

 Electroluminescence measurement and spin Hall measurement on this proposed device 

can give possibility of future use of ZnO based DMS in spintronics devices. It will also 

open new window for making spin based FET and MOSFET for use in electronic 

industries 

 Measure/calculate spin coherence distance and time in n-ZnO, p-ZnO and ZnO based 

DMS to optimize thickness of device. 

 Fabrication of Spin light emitting diode using Pulsed Laser Deposition. 
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