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ABSTRACT 

The ZnO-based diluted magnetic semiconductors (DMS) have attracted scientific 

interest due to their unique properties and multifunctionality in ferromagnetic 

and ferroelectric. Transition metals have been chosen as dopants for ZnO-based 

DMS. However, the origin of the ferromagnetism is controversial as it is 

suspected that the ferromagnetism is induced by transition metal dopant clusters 

or secondary phases. In order to avoid the ambiguous ferromagnetism in ZnO-

based DMS, carbon, as a non-magnetic element, has been suggested to be an 

appropriate dopant for ZnO-based DMS. Hence, in this thesis, the possibility of 

using carbon as a dopant to produce ZnO-based DMS is explored. The ZnO thin 

films were prepared firstly by the filtered cathodic vacuum arc technique. 

Optimization of the growth parameters, such as substrates temperature and 

oxygen pressure, were achieved in relation to the structural, electrical and optical 

properties of the ZnO thin films. The fabrication of the carbon-doped ZnO 

(ZnO:C) thin films and nanostructures were performed by the ion beam 

irradiation (IBI) technique. The two vital parameters of IBI, ion beam energy and 

irradiation time, were investigated systematically to determine the effective 

carbon doping parameters for the formation of ferromagnetic ZnO:C thin films 

and nanostructures. 

The structural, electrical and magnetic properties of the ZnO:C thin films and 

nanoneedles were characterized. The ZnO:C thin films and nanoneedles all 



Abstract 

 

 

Wei Changsong                                                                                                III 

showed the hexagonal wurtzite structure with high crystallinity. The 

ferromagnetism in the ZnO:C system with Curie temperature (TC) higher than 

330 K was found. The saturated magnetization (Ms) was enhanced with the 

increase of the carbon concentration. The anomalous Hall effect and negative 

magnetoresistance with p-type conduction were detected in the ZnO:C system. 

These unusual transport behaviors in the ZnO:C system are regarded as the effect 

correlating to the magnetic inhomogeneous and magnetic phase transition. The 

ferromagnetism in the ZnO:C system is stable in ambient air for more than one 

year. In addition, the magnetic anisotropy was detected as a signature of intrinsic 

ferromagnetism in the ZnO:C system. As for the ZnO:C nanoneedles, there is 

another dominated effect due to the strong dipole–dipole magnetic interaction 

among the nanoneedles resulted in the magnetic anisotropy.  

Several characterization methods were employed to investigate the origin of 

ferromagnetism in the ZnO:C system. Transmission electron microscopy (TEM) 

and high resolution transmission electron microscopy (HRTEM) analysis suggest 

that the carbon doping introduced some defects in the ZnO samples leading to 

the decrease of grain size of the ZnO:C with increasing the carbon concentration. 

X-ray diffraction (XRD) spectra show the reduction of lattice constant 𝑐 with 

carbon doping which is expected as smaller C ions substituted into the O sites of 

ZnO lattices. The X-ray absorption near-edge structure (XANES) spectra 

indicate a strong hybridization of O 2p orbitals with C 2p states in ZnO:C system. 

This p-p interaction leads to an indirect ferromagnetic coupling of C atoms. It is 

speculated that the substitution of C ions into O sites is related to the origin of the 

ferromagnetism in the ZnO:C system. 
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CHAPTER 1  

Introduction 

 
1.1 Spintronics 

Spintronics is the science and technology, also known as magnetoelectronics, in 

which charge and spin degrees of freedom of electrons can be used 

simultaneously in order to store, process, sense and communicate data and 

information in solid devices. 

Electron has a charge and a spin as shown in Figure 1-1. In classical electronics, 

electronic devices rely only on the transport of electrons with charges moving by 

electric fields to transmit information and are stored in a capacitor to save it [1]. 

The control of electrical charge has influenced nearly all aspects of life during 

the last hundred years. However, recently physicists are trying to exploit the spin 

of the electron rather than its charge to create a remarkable new generation of 

spintronics devices. Traditional approaches using spin are based on the alignment 

of a spin (either “up” or “down”) relative to a reference (an applied magnetic 

field or magnetization orientation of the ferromagnetic film) (see Figure 1-2). 

Device operations then proceed with some quantity (electrical current) that 

depends on a predictable way with the degree of alignment. Adding the spin 

degree of freedom to conventional semiconductor charge based electronics or 

using the spin degree of freedom alone will add substantially more capability and 
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performance to electronic products. The advantages of these new devices would 

be compact, nonvolatility, increased data processing speed, consumed less power 

compared to conventional electronics, because the energy needed to change spin 

is easy compared to energy needed to push charge around, and increased 

integration densities compared with conventional silicon chips and circuit 

elements. [2] 

 
 

Figure 1-1 Electron has a charge and a spin.  

 

 

Figure 1-2 Spin up and spin down. 

 

The prototype spintronics devices which are already in use in storage industry as 

a read head and a memory-storage cells are the giant magnetoresistive (GMR) [3-
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5] and tunnel magnetoresistance (TMR) [6] parts which consist of alternating 

ferromagnetic and nonmagnetic metal layers (Figure 1-3).  

 

Figure 1-3 Applications of spintronics in storage industry. 

 

Giant magnetoresistance (GMR) is a quantum mechanical magnetoresistance 

effect observed in thin film structures composed of alternating ferromagnetic and 

non-magnetic layers. When two ferromagnetic layers are separated by a non-

magnetic thin layer, electrical resistance of the multilayer changes depending on 

the orientations of the magnetizations of ferromagnetic thin layers. When the 

directions of the magnetizations are the same, the possibility of electron 

scattering at the interface of non-magnetic/ferromagnetic layers becomes smaller, 

resulting in low electrical resistance. However, if the directions of the 

magnetizations of the two ferromagnetic layers are opposite, the electron with 

opposite spin orientation with respect to the magnetization of the electrode layer 

is scattered (spin dependent electron scattering). The electrical resistance of the 

multilayer becomes higher than the case for the same directions of the 

magnetization, as shown in Figure 1-4.  
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Figure 1-4 Concept of GMR. 

 

As to TMR, when two ferromagnetic layers are separated by a thin insulator 

layer, electrical resistance of the multilayer in the perpendicular direction to the 

film changes depending on the orientations of the magnetizations of 

ferromagnetic thin layers because of spin dependent electron tunneling between 

the two ferromagnetic layers. When the directions of the magnetizations of the 

two ferromagnetic electrodes are the same, the possibility of electron tunneling 

between the two ferromagnetic electrodes through the insulator layer becomes 

larger, resulting in larger tunneling current. However, if the directions of the 

magnetizations of the two ferromagnetic electrodes are opposite, the electron 

with opposite spin orientation with respect to the magnetization of the 

ferromagnetic electrode cannot be tunneled. Then the tunneling electron current 

become smaller compared to the case for the same directions of the 

magnetizations. This phenomenon is called tunnel magnetoresistance (TMR), as 

shown in Figure 1-5. 
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Figure 1-5 Concept of TMR. 

 

The GMR and TMR materials have been commercialized in hard disk drivers as 

read heads. In magnetic recording, magnetic fields were used to read or write the 

information stored on the magnetization, which ‘measures’ the local orientation 

of spins in ferromagnets. The TMR materials are also strongly expected to be 

applied to magnetoresistive random access memories. Moreover, optical methods 

for spin injection, detection, and manipulation have been developed that exploit 

the ability to precisely engineer the coupling between electron spin and optical 

photons. Depends on a deeper understanding of fundamental spin interactions in 

solid state materials as well as the roles of dimensionality, defects, and 

semiconductor band structure in modifying these dynamics, it is anticipated that 

the merging of electronics and photonics will ultimately lead to new spin-based 

multifunctional devices (Figure 1-6) such as spin-FET (field effect transistor) [7], 

spin-LED (light-emitting diode), spin-RTD (resonant tunneling device) and 

optical switches operating at terahertz frequency etc. [2, 8-10]. 
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Figure 1-6 Schematic illustration of spin-FET, spin-LED and spin-RTD. 

 

Spintronics focuses on two types of materials - ferromagnetic metallic alloys and 

ferromagnetic semiconductors. Ferromagnetic metallic alloys are currently used 

for magnetoelectronic devices. Ferromagnetic semiconductors, however, are 

attracting greater attention. Diluted magnetic semiconductors (DMSs), as one 

type of ferromagnetic semiconductors, are expected to play an important role in 

interdisciplinary materials science and future spintronics because charge and spin 

degrees of freedom are accommodated into single matter and their interplay is 

expected to explore novel physics and new devices. 

 

1.2 Diluted magnetic semiconductors 

Magnetic semiconductors are materials that exhibit both ferromagnetism and 

useful semiconductor properties. If implemented in devices, these materials 

could provide a new type of control of conduction. Although the traditional 

electronics are based on the control of charge carriers (n-type or p-type), but the 

practical magnetic semiconductors would also allow the control of quantum spin 

state (up or down). This would theoretically provide near-total spin polarization 
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(as opposed to iron and other metals, which provide only about 50% 

polarization), which is an important property for spintronics applications. 

While many traditional magnetic materials, such as magnetite, are also 

semiconductors, materials scientists generally predict that magnetic 

semiconductors will only find widespread use if they are similar to well-

developed semiconductor materials. To that end, DMSs have recently been a 

major focus of magnetic semiconductor research. These are based on traditional 

semiconductors, but are doped with transition metals instead , or in addition to, 

electronically active elements. 

DMSs are semiconducting alloys whose lattice made up in part of substitutional 

magnetic atoms [11]. According to the contents of substitutional magnetic atoms, 

they can be classified as nonmagnetic semiconductor, diluted magnetic 

semiconductor and magnetic semiconductor (Figure 1-7). The semiconductors do 

not contain magnetic ions are nonmagnetic (Figure 1-7(a)), such as silicon (Si) 

and gallium arsenide (GaAs). In contrast, magnetic semiconductors have a 

periodic array of magnetic elements (Figure 1-7(c)) and have ferromagnetism 

and semiconducting properties, such as europium chalcogenides and 

semiconducting spinels. The amount of magnetic ions in DMS is between that in 

nonmagnetic semiconductor and magnetic semiconductor. The usefulness of 

semiconductors resides in the ability to dope them with impurities to change their 

properties, usually to p- or n-type. This approach can be followed to introduce 

magnetic elements into nonmagnetic semiconductors to make them into DMSs 

(Figure 1-7(b)) [12]. 
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Figure 1-7 Three types of semiconductors: (a) a nonmagnetic semiconductor, which contains no magnetic 
ions; (b) a diluted magnetic semiconductor, an alloy between nonmagnetic semiconductor and magnetic 
element; and (c) a magnetic semiconductor, in which a periodic array of magnetic element is present. 

 

As early as late 1960 to early 1970, oxide doped with Eu2+ [13] and spinel 

structured composite [14] were studied as magnetic semiconductors. However, 

structures of those composites are different from Si or GaAs, the crystals are very 

hard to produce in experiment, their low Curie temperature (TC) (50 K or lower), 

strong insulation and poor semiconducting transport property [12] further 

hampered their value in application. 

Later on, studies have been spread DMSs including transition metal (mainly Mn) 

doped II-VI[15], IV-VI[16], II-V [17] and III–V [18] compound semiconductors, 

typical examples are: II-VI: (Zn, Mn)Se [19], IV-VI: (Pb, Mn)Te [20] etc. Mn 

doped II-VI semiconductors are especially focused on, typical materials are (Zn, 

Mn)Se [21] etc. As to the III–V compound semiconductors, the prototypical 

carrier mediated ferromagnetic DMS is Mn-doped GaAs [22]. These closely 

related narrow gap III–V materials have been very extensively studied. Their 

properties are generally quite well understood and they have led to important 

insights into fundamental properties of ferromagnetic systems with strong spin-

orbit coupling. They have also led to the demonstration of a wide range of novel 
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phenomena including some, like tunneling anisotropic magnetoresistance, which 

have subsequently been achieved in metal ferromagnetic systems. However 

despite considerable effort over many years the maximum  TC achieved in (Ga, 

Mn)As is still less than 200 K [22]. So unless some major new breakthrough is 

achieved these materials are unlikely to be of use for practical spin electronics 

technologies. 

 

1.3 ZnO-based DMS 

In recent years, the development of DMS is focused on the wide bandgap 

semiconductor as being most promising candidates for practical spintronics 

application. Due to the necessity that the DMS materials must exhibit 

ferromagnetism with a critical temperature above room temperature in order to 

have practical applications in spintronics devices, that temperature, i.e., (TC is 

naturally deemed to be the bottleneck issue. In 2000, Dietl et al. [23] published a 

seminal paper in which mean field theory with Zener Model was used to predict 

which of the common diamagnetic semiconductors would exhibit a TC above 

ambient temperature if doped with Mn. Of the many host semiconductors 

simulated, only ZnO and GaN were predicted to exhibit a TC in excess of 300 K, 

as shown in Figure 1-8. From then on, the research on ZnO based magnetic 

semiconductors bloomed.  
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Figure 1-8 Computed values of the Curie temperature for various p-type semiconductors containing 5% of 
Mn per cation.[23] 

 

Based on the theoretical works on ZnO,[24, 25] several groups have studied the 

growth of transition metal-doped ZnO (TM-doped ZnO or ZnO:TM) systems, 

such as Mn, Fe, Co, Cr, V and Ni in ZnO-based DMS [26-37]. It is supposed that 

the energy gain originating from the double-exchange mechanism [38] is 

increased through a little s-d hybridization between the conduction band and e-

states. Table 1 summarizes the recent reports of magnetic properties of ZnO:TM 

DMS. Different techniques such as pulsed laser deposition (PLD), implantation, 

chemical method of sol-gel, magnetron sputtering and condensation, and solid 

state reaction have been employed to fabricate DMS. The experimental results in 

ZnO:TM DMS have been rather controversial. Some groups reported the 

ferromagnetism is intrinsic, while others believed ferromagnetism related to TM 

clusters. This variation can potentially be explained by the small total 

magnetization typically found in samples, the much diluted nature of the dopants, 

and the potential for artifacts, such as clustering of the magnetic dopants. The 

effect of such ferromagnetic clusters must be examined more carefully before the 

usefulness of such materials for spintronics application can be determined. 
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Consequently, the origin of ferromagnetism in ZnO:TM DMS is not well 

understood.  

Table 1 Reported magnetic properties of TM-doped ZnO DMS. 

 

 

1.4 Carbon-doped ZnO DMS 

In order to overcome the disadvantage of ZnO:TM DMS, non-magnetic elements 

were chosen as dopants to avoid forming the precipitates or clusters that are 

actually responsible for the ferromagnetic properties. Carbon is one of the 

candidates due to the finding of ferromagnetism in a number of carbon systems 

[39-43]. Carbon atoms on carbon nanotubes [44] and carbon substitutional 

doping in boron nitride nanotubes [45] were predicted to induce magnetism in 

the respective systems. Then, carbon-doped ZnO (ZnO:C) was predicted to be 

ferromagnetic and some initial experiments have shown signs of magnetic 
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behavior at room temperature.[46-50] Because carbon is not magnetic, ZnO:C is 

free of the ferromagnetic precipitates and hence forms a clean ferromagnetic 

semiconductor system.  

Carbon is stable at room temperature but active at high temperature. During the 

conventional processes of PLD or solid state reaction, the fabrication temperature 

of ZnO:C is usually higher than 400 °C. In that environment, carbon could react 

with oxygen that makes it hard to be doped into ZnO. So the doping process of 

carbon is a challenge for the fabrication of ZnO:C system.  

Therefore, it is of interest to explore the possibility of using carbon as a dopant to 

produce ZnO based DMS and to investigate the effect of carbon doping in ZnO 

on the peculiar magnetic properties. The calculation and simulation [49-51] 

confirming the ferromagnetism in ZnO:C which motivate us to fabricate the 

ZnO:C system using the filtered cathodic vacuum arc (FCVA) and ion beam 

irradiation (IBI) techniques and to investigate the characteristics of the ZnO:C. 

Understanding the mechanism of ferromagnetism in non-TM-doped ZnO is 

useful in exploring the new areas of DMS for the applications of the spintronics 

devices.  

 

1.5 Objectives of research 

In consideration of the potential of carbon as the dopant for the ZnO-based DMS, 

the main aims of the present thesis are to fabricate room temperature 

ferromagnetic ZnO:C system by optimizing the process parameters, to 
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investigate various characteristics of ZnO:C, and to reveal the mechanism of the 

ferromagnetism.  

In this project, we attempt to: 

i. prepare ZnO thin films suit for the carbon doping to form  ZnO:C system 

by optimizing the preparation process. 

ii. dope carbon into ZnO thin films to synthesize ZnO:C thin films and 

nanostructures by optimizing the fabrication process. 

iii. study the structural, ferromagnetic, and transport properties of the ZnO:C 

thin films and nanostructures. 

iv. investigate the origin and the mechanism of the ferromagnetism in the 

ZnO:C system. 

 

1.6 Thesis overview 

The background, motivation and the objectives of the research of this project are 

described in Chapter 1. The fundamental concepts, basic principles of the 

spintronics and the DMS are reviewed. 

The literature review on DMS, ZnO:TM and ZnO:C is depicted in Chapter 2. 

The related research works of ZnO:TM and ZnO:C are described in this chapter. 

Chapter 3 introduces the fabrication method for the ZnO:C system. The FCVA 

technique was employed to prepare the ZnO thin films and IBI technique was 

used to dope carbon into ZnO films. This chapter also describes various 

characterization methods adopted in this work. 
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In Chapter 4, the two important parameters of the FCVA technique, the oxygen 

pressure and substrate temperature, were systematically studied in order to 

explore the optimized parameters for the fabrication of ZnO thin films.  

Chapter 5 discusses the effects of ion beam energy and the irradiation time on the 

fabrication of the ZnO:C thin films. The optimized parameters were found for the 

fabrication of ZnO:C thin films. 

Chapter 6 and 7 provides the detailed characterization of the ZnO:C thin films 

and nanoneedles on SiO2/Si substrates. The structural, magnetic and transport 

properties are investigated. The magnetic anisotropy of the nanoneedles is also 

investigated.  

The microstructure and elemental analysis of the ZnO:C system were 

investigated using TEM, HRTEM, EELS and EDX in Chapter 8. The possible 

origin of the ferromagnetism is proposed combining with the experimental results 

of XRD and XANES. 

A summary of the important results and achievements attained in the present 

investigation are emphasized and concluded in Chapter 9. As the successful 

fabrication of ZnO:C thin films and nanostructures, further research and 

development are suggested.  
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CHAPTER 2  
Literature review 

 
2.1 ZnO 

ZnO was theoretically predicted to be ideal candidate for the room temperature 

DMS. The physical parameters of the ZnO are shown in Table 2.  

Table 2  Physical parameters of ZnO. 

 
 

 
The technical progress made in synthesis (bulk and nanomaterials) and epitaxial 

growth of thin films indicate the possibility of realizing both n-type and p-type 

conduction in ZnO [52]. Making p-type ZnO is still a challenge and remains an 

intriguing issue [53, 54]. The domains of interest for compounds based on ZnO 
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and associated heterostructures are optoelectronics and spintronics. On 

comparing the key properties of ZnO with some of the competing compound 

semiconductors (Table 3), it is obvious that there is enormous potential for ZnO 

in optoelectronic applications. 

Table 3  Comparison of the physical properties of some compound semiconductors. 

 
 
 
ZnO is a wide-bandgap semiconductor of the II-VI semiconductor group. It has a 

unique combination of high band gap energy (about 3.4 eV) and excitonic 

stability (about 60 meV). The native doping of the semiconductor is n-type due 

to oxygen vacancies. ZnO semiconductor has several other favorable properties: 

good transparency, high electron mobility, strong room-temperature 

luminescence, etc. Those properties are already used for light emission 

applications [55-58] such as in emerging applications for transparent electrodes 

in liquid crystal displays and in energy-saving or heat-protecting windows, 

electronic applications of ZnO as thin-film transistors and light-emitting diodes. 
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The high excitonic energy also gives it strong resistance to high temperature 

electronic degradation during operation (e.g. laser diodes).  

ZnO crystallizes in three main forms, rock salt, cubic zincblende and hexagonal 

wurtzite, shown in Figure 2-1.  

 

Figure 2-1 The rock salt (a), zincblende (b) and wurtzite (c) phases of ZnO. O atoms are shown as the bigger 
grey spheres, Zn atoms as the small black spheres. [59] 

 

In the rocksalt structure, each Zn (or O) has six nearest neighbors. The space 

group symmetry of the rocksalt type of structure is Fm3m  in the Hermann-

Mauguin notation and 𝑂ℎ5h in the Schoenflies notation and the structure is sixfold 

coordinated. However, the rocksalt structure cannot be stabilized by the epitaxial 

growth. 

In the zincblende and wurtzite structures, the zinc and oxide centers are 

tetrahedral. In contrast to the rocksalt structure, each Zn (or O) has four nearest 

neighbors; the in-plane bonds are stronger than the out-of-plane bonds as 

indicated by higher electron density. The zincblende form has lower ionicity 

comparing to the wurtzite form. The symmetry of the zinc blende structure is 

given by space group F4�3𝑚 in the Hermann–Mauguin notation and T𝑑2  in the 
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Schoenflies notation and is composed of two interpenetrating face-centered cubic 

(fcc) sublattices shifted along the body diagonal by one-quarter of the length of 

the body diagonal. Zincblende ZnO has lower carrier scattering and higher 

doping efficiencies for the application. 

The wurtzite structure is most stable at ambient conditions and thus most 

common due to its ionicity that resides exactly at the borderline between the 

covalent and the ionic materials. The wurtzite structure has a hexagonal unit cell 

with two lattice parameters a and c in the ratio of  𝑐
𝑎

= �8
3

= 1.633 (in an ideal 

wurtzite structure) and belongs to the space group 𝐶6𝑣4  in the Schoenflies notation 

and P63𝑚𝑐 in the Hermann–Mauguin notation. A schematic representation of the 

wurtzitic ZnO structure is shown in Figure 2-2. The structure is composed of two 

interpenetrating hexagonal closepacked (hcp) sublattices, each of which consists 

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

axis by the amount of u = 3
8

= 0.375 (in an ideal wurtzite structure) in fractional 

coordinates. The internal parameter u is defined as the length of the bond parallel 

to the c-axis divided by the c lattice parameter. 

In addition, a potential application and the integrity of ZnO with conventional 

electronic application is also prime consideration in the choice of host materials. 

A ZnO-based DMS would be very promising because of its widespread 

application in electronic devices such as gas sensors, surface acoustic wave 

devices, optical wave guides, acousto-optic modulators, ultraviolet laser source 

and detectors. 
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2.2 Transition metal doped ZnO (ZnO:TM) DMS 

Ferromagnetic phase is expected in TM ions doped ZnO [33, 37, 60-62]. In such 

system, exploitation of charge of the electron as well as the spin is possible. 

Different techniques such as pulsed laser deposition (PLD), sputtering, thermal 

evaporation and condensation, solid state reaction and chemical methods have 

been employed to fabricate such materials [63-68]. 

The remarkable progress has been made on realization of TM-doped ZnO such as 

cobalt-doped ZnO (ZnO:Co), iron-doped ZnO (ZnO:Fe), and manganese-doped 

ZnO (ZnO:Mn) with TC at or above room temperature.  

 

2.2.1 Cobalt-doped ZnO (ZnO:Co) 

ZnO doped with Co is considered as the useful semiconductor which can be 

prepared by various methods. ZnO:Co films were prepared on sapphire substrate 

through  PLD method by Rode et al..[69] The in-plane structure of the ZnO:Co 

film was hexagonal and that its unit cell was rotated 30° with the respect to the 

sapphire substrate. It was found that the experimental result of 1.3 ± 0.2 μB per 

Co atom (μB/Co) was roughly half of the calculational result of 3 μB/Co in a 

tetrahedral crystal field. This was ascribed to antiferromagnetic coupling between 

neighboring magnetic ions due to superexchange interaction.[18] The origin of 

the ferromagnetism in ZnO:Co was ruled out from the possibility of cobalt 

clusters. Because the ferromagnetic films of ZnO:Co were insulating at 10 K, it 
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was speculated that the free electrons, induced by oxygen vacancies, mediated 

the ferromagnetic exchange interactions. Fouchet et al.[70] also pointed that a 

high number of defects in the film were necessary to obtain ferromagnetism. 

These defects were most probably associated to the oxygen vacancies which can 

tune the strength of the magnetization in agreement with the model of Coey.[71] 

Local Co structure in ZnO:Co films was also discussed. [72] Co is in the +2 

valence state in ZnO:Co films. It was confirmed that Co2+ solute in the ZnO 

lattice sites substitutes for Zn2+. Structural defects mechanism played an 

important role in the phenomenon of ferromagnetic ordering in the doped films. 

The structural defect dependent room temperature ferromagnetism may remain 

generally consistent with a bound magnetic polaron (BMP).[73] In the case of 

structural defects giving rise to charged point defects, the interaction of the 

hydrogenic electrons with Co2+ at appropriate distances could be realized in the 

impurity band on the basis of a Heisenberg exchange Hamiltonian, [74] which 

tends to form BMPs, coupling the 3d moments of the Co2+ ions within their 

volume λ3. The radius of hydrogenic orbital can be defined by 𝜆 = 𝜀𝑟(𝑚/𝑚𝑒), 

where 𝜀𝑟 is the dielectric constant, m is the electron mass, and me is the effective 

mass of the donor electrons. [71] Moreover, the hydrogenic orbital tends to 

sufficiently spread out to overlap other BMPs to achieve a ferromagnetic 

ordering between the polarons. The magnetization as a function of substrates 

revealed that the combination of ZnO:Co film grown on ferroelectric substrates 

and a suitable Co-O bond length likely serves as a key in ferromagnetic 

ordering.[75] 
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Dietl [76] also studied detailed ZnO:Co films depositing on sapphire by 

sputtering. The easy plane of ZnO:Co films was found perpendicular to the c axis 

of the wurtzite structure. Samples showed strong anisotropy: magnetization was 

significantly larger for the in-plane magnetic field. This indicated that the shape 

magnetic anisotropy was overcompensated by the crystalline magnetic 

anisotropy. The presence of a robust ferromagnetism was quite different from the 

theory of the electron-mediated spin-spin interaction in DMS.[77] The 

ferromagnetic signatures in the absence of ferromagnetic precipitate of Co 

clusters resulted from uncompensated spins at the surface of the 

antiferromagnetic nanocrystals. The nanocrystal aggregation could be steered by 

growth conditions and codoping,[78] as the position of the Fermi level affects the 

charge state and the diffusion coefficient of transition metals in semiconductors. 

Liu et al. [79] investigated the high TC ferromagnetic ZnO:Co were grown by 

radio frequency (RF) oxygen plasma-assisted molecular beam epitaxy 

(OPAMBE). In their work, as-grown single crystalline ZnO:Co thin films are 

ferromagnetic with TC above room temperature. The coercivity of the hysteresis 

loops is about 150 Oe. The magnitude of the magnetization depends on the Co 

content. With increasing Co content, the saturation magnetization increases. The 

origin of the high TC ferromagnetism of ZnO:Co thin films were suggested from 

the percolation of BMP. [80] Only those of Co2+ locating on the intersection of 

two BMPs contributed to long range magnetic interactions. 
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2.2.2 Iron-doped ZnO (ZnO:Fe) 

Iron-doped ZnO (ZnO:Fe) is another typical ZnO-based DMS. The origin of the 

ferromagnetism in ZnO:Fe was attributed to the secondary phase of ZnFe2O4 in 

the ZnO:Fe.[81] This secondary phase possesses an inverted spinel structure and 

is ferrimagnetic at room temperature. The ferromagnetism in ZnO:Fe from the 

secondary phase, while the majority of Fe ions substituted into the ZnO lattices 

appears to remain magnetically inert. 

ZnO:Fe single crystals also showed ferromagnetism at room temperature.[82] 

The origin of the ferromagnetic properties of ZnO:Fe was interpreted as the 

formation of metallic Fe nanoparticles due to higher migration of Fe at the 

elevated temperature during the implantation. Moreover, the required diffusion 

length for nanoparticle formation is much shorter at the higher fluence. In the 

case of diluted Fe3+ (5 μB per ion), 28% and in the case of diluted Fe2+ (6 μB per 

ion), 23% of the implanted ions would contribute to the ferromagnetic interaction. 

Each implanted Fe ion possessed the magnetic moment of 0.30 μB. 

The a-plane ZnO:Fe epitaxial films by high dose ions implantation showed the 

ferromagnetic behavior in ZnO:Fe up to 300 K.[61] The Fe ion oxidation states 

in ZnO are considered critical to the magnetic properties. Substitutional Fe2+ and 

Fe3+ ions in the ZnO lattices were studied using paramagnetic resonance.[83, 84] 

The 𝐷5  state of the free Fe2+ ( 3𝑑6 ) ion is split under perturbation of the 

tetrahedral crystal field, spin-orbit interaction, and trigonal field in ZnO lattices. 

Similarly, these perturbations split the levels of the 𝑆6  ground state of the Fe3+ 

(3𝑑5) ion. The Fe ion pairs coupled through indirect ways is the origin of the 
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ferromagnetism. 

Debernardi et al.[85] reported on the calculation, by density functional theory, of 

the total energy and of the magnetic properties of wurtzite ZnO doped with 

diluted Fe impurities in the presence of vacancies. They found that the complex 

FeZn-VZn is energetically favored compared with the isolated FeZn and VZn. An 

opposite situation was obtained for FeZn and VO. The complex FeZn-VO is 

realized with VO along the c axis. Fe has a magnetic moment of 3.49 μB that 

induces on the oxygen atoms in the xy plane a magnetic polarization of the p 

orbitals of about 0.14 μB for each oxygen atom. The total magnetization per 

supercell of 4.00 μB is integer, since the surface density of states (SDOS) is fully 

polarized at ∈𝐹 . At the Fermi energy the majority SDOS vanishes, while the 

minority SDOS presents one-electron state. A minority spin density is localized 

at the vacancy site and is antiferromagetically coupled with the majority spin 

density localized at the Fe atom. For Zn-poor growth condition, the FeZn-VZn 

complexes strongly influence the magnetism of the compound at room 

temperature and present a fully polarized spin density at the Fermi energy. 

 

2.2.3 Manganese-doped ZnO (ZnO:Mn) 

Mn-doped ZnO (ZnO:Mn) has attracted attention similarly because of the 

theoretical predictions that p-type ZnO:Mn was ferromagnetic with a high Curie 

temperature above 300 K.[12, 71, 86] In many literatures, ferromagnetism was 

observed in ZnO:Mn films fabricated by Mn ions implantation,[87] pulsed laser 

deposition,[88] reactive cosputtering from Zn and Mn targets,[89] and radio 
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frequency magnetron sputtering.[90] Theoretical investigations using ab initio 

calculations [25, 91] suggested that ferromagnetic ordering of Mn ions is favored 

when it is mediated by hole doping. The presence of numbers of oxygen 

vacancies in the films could activate the high temperature ferromagnetism. 

Oxygen vacancies constituted bound magnetic polarons (BMPs) because the 

greater density of oxygen vacancies could yield a greater overall volume 

occupied by BMPs and increased their probability of overlapping, which results 

in the long-range Mn-Mn ferromagnetic coupling. Thus the observed 

ferromagnetism in the ZnO:Mn films could be explained in terms of a direct 

ferromagnetic coupling between two neighboring Mn ions near the oxygen 

vacancies. 

 

2.3 Carbon-doped ZnO (ZnO:C)  

The literatures mentioned above indicated that Co-, Fe- and Mn-doped ZnO with 

TC above room temperature have been fabricated by many different types of 

methods. The transition metal ions have partially filled d and f shells, 

respectively, which give rise to unpaired electrons. The ferromagnetism in some 

ZnO:TM systems was induced by incorporation into substitutional sites of large 

concentration of transition metal ions into the semiconductor.  

However, the different ZnO:TM systems produced inconsistent results even 

some groups have found no ferromagnetism in ZnO:Co and ZnO:Mn based 

semiconductors. The origin of ferromagnetism was ascribed to the different 

mechanisms in different ZnO:TM systems such as spin-split-orbit model [92], 
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double-exchange mechanism [38], superexchange coupling mechanism,[23] 

which means the mechanism of ferromagnetism remains unclear. Moreover, a 

major challenge is to prevent formation of secondary phases that may dominate 

the magnetic properties of the doped semiconductor because it is found that 

various magnetic impurity phases exist in many samples [93-96] and the dopants 

often have a clustering tendency which implies that ferromagnetism may 

originate from nonuniform distributions of dopants. All of these promoted search 

for ZnO-based DMS with alternative dopants. If non-TM dopants can be 

incorporated into ZnO and induce magnetism, DMS thus produced would not 

suffer from problems related to precipitates of dopants since they do not 

contribute to ferromagnetism. 

Ferromagnetism was reported in a number of carbon systems [39-43]. Some of 

these studies have speculated that intrinsic carbon defects could be responsible 

for the observed magnetic properties. Carbon atoms on carbon nanotubes [44] 

and carbon substitutional doping in boron nitride nanotubes [45] were predicted 

to induce magnetism in the respective systems.  

Pan et al.[46] explored the possibility of using carbon as a dopant to produce 

ZnO based DMS by using first-principles calculations. He predicted a magnetic 

moment of 2.02 μB per carbon atom (μB/C) when carbon substitutes oxygen in 

ZnO and regarded the Zn-C system as the origin of magnetism in ZnO:C. The 

experiments confirmed the presence of carbon atoms in the carbide form, 

indicating carbon substitution for oxygen and formation of Zn-C bonds in the 

ZnO:C thin films. Based on the experimental results and calculated band 
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structures, Pan proposed hole mediation as the mechanism of ferromagnetic 

coupling in ZnO:C. 

Ye [48] studied ZnO:C powders prepared by the standard solid-state reaction 

method. According to the results of Raman spectroscopy investigation, the 

samples sintered in nitrogen showed lower D-band (disordered) and G-band 

(graphitic) concentrations, plausibly a result of nitrogen incorporation into the 

ZnO:C sample. All the samples are ferromagnetic at room temperature. The 

authors considered the electron-mediated mechanism is more suitable than the 

hole-mediated one for the explanation of ferromagnetism of ZnO:C materials. 

Then, Peng et al. [49] pointed hole-induced magnetization in oxides is an 

intrinsic host property when enough homogeneous holes are injected into the 

system. Acceptor doping or quantum confinement can increase local hole 

concentration at the anion site so that the local density of states (LDOS) at the 

Fermi level and the exchange interaction are large; thus, magnetization can be 

achieved with a reasonable amount of global hole concentration. The authors 

demonstrated also that localization of the holes by dopants and quantum 

confinement effect can reduce the critical hole concentration for stabilizing 

magnetization. Thus it is of interest to study the ferromagnetism in ZnO:C 

nanostructures.  

Kwak et al. [50] examined the role of quantum confinement on the ZnO:C 

nanocrystals using a real space first-principles method. The spin polarization 

energy of a nanocrystal was found to be sensitive to size owing to the partial 

occupancy of a less-localized minority spin state. Their analysis suggests that the 
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semiconductor with nonmagnetically induced magnetic moments should provide 

a significant advantage over the traditional DMS when applied to nanometer-

scaled applications. 

Nagare [51] reported the spin-polarized density functional calculations of 

ferromagnetic properties for a series of ZnO clusters and ZnO solid containing 

one or two substitutional carbon impurities. He analyzed the eigenvalue spectra, 

spin densities, molecular orbitals, and induced magnetic moments for Zn-C, 

Zn2C, Zn2OC, carbon-substituted ZnnOn (n = 3~10, 12) clusters and the bulk 

ZnO. The results showed that the doping induces magnetic moment of about 2 

μB in all the cases. All systems with two carbon impurities showed ferromagnetic 

interaction, except when carbon atoms shared the same zinc atom as the nearest 

neighbor. This ferromagnetic interaction was predominantly mediated via π-

bonds in the ring structures and through π- and σ-bonds in the three-dimensional 

structure. The calculations also showed that the interaction is significantly 

enhanced in the solid, bringing out the role of dimensionality of the Zn-O 

network connecting two carbon atoms. 

Therefore, choosing carbon as the dopant for ZnO-based DMS is feasible. ZnO:C 

DMS could not suffer from the problems related to precipitates of dopants. In 

addition, the dimensionality is known to play a significant role in determining 

various properties. The behavior of carriers in nanostructures may also allow for 

the enhancement of the ferromagnetic semiconductor behavior because 

nanostructures are expected to have longer coherence times than in films. Thus 

both ZnO:C thin films and nanoneedles were investigated. 
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CHAPTER 3           
Experimental and methodology 

 
3.1 Sample fabrication methodology 

3.1.1 Filtered cathodic vacuum arc technique 

The filtered cathodic vacuum arc (FCVA) technique has been studied extensively 

since it was reported to be an effective method of producing high quality, dense 

coating films. In such a technique, a particle filter is used to separate and remove 

macroparticles from the cathodic arc plasma.[97-99] Various filter designs have 

been described in the literature; the most popular one is the classic 90° bend filter, 

but straight filters, 20°, 45° and S-duct filters have also been tested. Although 

these filters may achieve acceptable results for some applications, the problem of 

macroparticles inclusion in the deposited film is not completely addressed. This 

is because the solid macroparticles are easily multiply reflected from the filter 

wall, leading to incomplete filtering. This problem thus impedes the commercial 

usefulness of this technology for the production of high quality optical and 

electronic coatings. In an effort to further reduce the macroparticles, an off-plane 

double bend (OPDB) filter [100] has been developed. 

The OPDB filter comprises three straight pieces and two tori. These two tori are 

actually 90° bends cut to the required angle. The plasma transmission and 

macroparticles efficiency of this "serpentine" filter now commercially available. 
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Figure 3-1 Schematic diagram of the FCVA system. 

 

Figure 3-1 illustrates the schematic of the FCVA system for the deposition of 

ZnO thin films. The system consists of a cathodic vacuum arc source (anode–

cathode coils), an OPDB plasma-filtering duct and a deposition chamber. When 

the trigger is struck on the metal target of Zn, energetic plasma ions from the 

metal target are formed. The plasma ions are then guided by the magnetic field 

inside the plasma-filtering duct. The filtering duct has two-torus bends with 

respect to axis of the cathodic vacuum arc source. The exterior wall of the 

filtering duct is surrounded by a set of magnetic coils for the generation of 

magnetic field to guide the plasma ions. The interior wall of the filtering duct is 

equipped with baffles that are designed to catch or to reflect macroparticles. 

Oxygen is introduced inside the filtering duct through an outlet along the OPDB 

filter such that metal-oxide plasma can be formed. The filtering duct is the most 
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important part of the FCVA system because it can effectively remove 

macroparticles from the metal-oxide plasma. The metal-oxide plasma will then 

be deposited on the substrate inside the deposition chamber. Because of the high 

kinetic energy of the metal-oxide plasma, the FCVA system can allow: (1) low-

temperature deposition of ZnO thin films [101], (2) the deposition on lattice 

mismatched substrate [102], and (3) the use of large substrate (i.e., substrate 

diameter can be as large as 40 cm) [103] so that it is possible to achieve low-cost 

and mass-production of high quality ZnO thin films [104, 105].  

 

3.1.2 Ion beam irradiation technique 

Recently, various methods have been reported for the fabrication of  one 

dimensional (1D) ferromagnetic ZnO:TM nanostructures such as direct 

hydrothermal synthesis [106], vapor transport [107, 108], chemical vapor 

deposition [109, 110], thermal evaporation [111], combustion [112], and laser-

ablation methods [113] etc.. These techniques usually use catalysts and additives 

to control the nanostructure growth, leading to suspicious observed 

ferromagnetism. Exploring simple, cheap, catalyst-free, low-temperature 

methods of synthesizing vertically aligned 1D ZnO nanostructures remains a 

challenge. Energetic ions can create nanostructures on a surface or in the surface-

near region of any kind of solid at room temperature [114]. The fabrication 

mechanism induced by sputtering of solid surfaces and the formation kinetics is 

mainly determined by etching instead of growth [115]. In modern sputtering 

model, surface atoms are ejected into a vacuum from an ion-impacting point via 
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a collision cascade in the projectile-implanted subsurface. The ion beam 

irradiation (IBI) technique has been proved to entail the formation of nanosized 

tips, conical protrusions and microcones structures of carbon and Si [116-118]. 

In this study, IBI technique was used to fabricate ZnO:C thin films and 

nanoneedles. The ZnO:C thin films and nanoneedles were fabricated in an ultra-

high vacuum (UHV) system comprising micro-beam ion gun (JEOL MIED) and 

an arc-plasma gun (ULVAC APG-1000). The schematics of experimental setups 

are shown in Figure 3-2. The ion gun operated under an UHV ambient with Ar+ 

ions was irradiated at an incidence angle of 45º to the graphite plate and the ZnO 

surface inside a vacuum system, carbon was doped into the host material. For the 

fabrication of doped thin films, the carbon ions were doped directly into the ZnO 

films through the irradiation of ion beams as shown in Figure 3-2(a). For the 

fabrication of doped nanoneedles, prior to the carbon doping, a thin carbon layer 

was deposited on the surface of the ZnO sample which would enhance the 

formation of nanoneedles during ion beam irradiation [119-121] as shown in 

Figure 3-2(b).  

 

Figure 3-2 Schematic diagrams of the fabrication of (a) ZnO:C thin films and (b) ZnO:C nanoneedles by IBI 
technique. 
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Figure 3-3 depicts the formation mechanism of the ZnO:C nanoneedles by ion 

beam irradiation. Ar+ ions are simultaneously irradiated onto the carbon-coated 

ZnO film and graphite plate as shown in Figure 3-3(a). The carbon needles are 

first formed from the carbon layer on the surface of the sample (Figure 3-3(b)). 

Further, continuous ion beam irradiation depletes the carbon layer and the carbon 

needles are decreasing gradually in length. The carbon needles act as a mask 

against the irradiation erosion which lead to the formation of slender cone-shape 

ZnO structures as shown in Figure 3-3(c). At the same time, carbon atoms from 

the graphite plate are doped into the ZnO with the side facing the graphite plate. 

The needle-like ZnO:C is developed progressively. When the carbon layer and 

carbon needles are eroded completely, ZnO:C nanoneedles are formed as shown 

in Figure 3-3(d). 

 

Figure 3-3 Schematic diagram of the formation mechanism of the ZnO:C nanoneedles. (a) Ar+ ions are 
irradiated onto the graphite target and carbon layer, (b) formation of the carbon needles, (c) carbon needles 
acted as a mask against the sputter erosion for the formation of ZnO:C nanoneedles. 
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The chamber was pumped down to about 10-7 Torr, and the pressure remained at 

10-6 Torr during the irradiation process. Prior to characterization, the residue of 

carbon layer was removed by ethanol. Ion beam irradiation of thin film surfaces 

provides a controlled and cost effective process for the formation of doped 

semiconductors and regular aligned nanostructures array at room temperature. 

This ion beam irradiation technique offers several advantages over other 

fabrication methods: (1) room temperature fabrication, (2) catalyst-free, (3) 

selectively growth of nanostructures, and (4) on any substrates. 

 

3.2 Sample characterization methodology 

3.2.1 X-ray diffraction  

X-ray diffraction (XRD) is a powerful non-destructive technique for 

characterizing crystalline materials, which provides information on structures, 

phases, preferred crystal orientations (texture) and other structural parameters 

such as average grain size, crystallinity, strains and crystal defects. X-rays have 

high energies and short wavelength. When an incident beam of X-ray hit on a 

solid material, a portion of the beam would be scattered in all directions by the 

electrons. Also, the crystalline solid consists of a regular array of atoms; it may 

form a natural three-dimension diffraction grating for X-rays. The interaction of 

the incident rays with the sample produces constructive interference (and a 

diffracted ray) when conditions satisfy Bragg's Law: 

nλ = 2𝑑 sin𝜃 
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where d is the distance between atomic layers in a crystal, and λ is the 

wavelength of the incident X-ray beam; n is an integer; θ is the diffraction angle 

in degrees. So, the atomic arrangements in the crystal could be deduced by X-ray 

diffraction. 

And the crystallite size (t, nm), can be calculated from Scherrer’s equation: 

𝑡 =
𝐶𝜆

𝐵 cos 𝜃
 

where λ is the X-ray wavelength (nm), B is the full width at half maximum 

(FWHM) of the peak (radians) corrected for instrumental broadening, θ is the 

Bragg angle, C is a factor (typically 1.0) that depends on the crystallite shape. 

All the XRD measurements were carried out by Cu Kα (λ= 0.154 nm) radiation 

on X-ray diffractometer (Siemens D8 discover, 40 kV, 40 mA). Diffractograms 

were recorded from 30º to 60º with a step of 0.01º. 

 

3.2.2 Energy dispersive X-ray spectroscopy 

Energy-dispersive X-ray spectroscopy (EDX) is an analytical technique used for 

the elemental analysis or chemical characterization of a sample. It is one of the 

variants of X-ray fluorescence spectroscopy which relies on the investigation of a 

sample through interactions between electromagnetic radiation and matter. As 

the electron beam of the scanning electron microscope (SEM) is scanned across 

the sample surface, it generates X-ray fluorescence from the atoms in its path. 

The energy of each X-ray photon is characteristic of the element which produced 
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it. Basing on these data of energy, this technique can identify the elemental 

composition of the samples imaged in a scanning electron microscope for all 

elements with an atomic number greater than boron. Most elements are detected 

at concentrations on the order of 0.1 at.%. 

 

3.2.3 X-ray absorption near-edge fine structure spectroscopy 

X-ray absorption near-edge fine structure spectroscopy (XANES) is a type of 

absorption spectroscopy which is a powerful structural tool that provides 

information on the electronic structure and orientation of molecules or molecular 

fragments.  

During a measurement, the sample is irradiated with monochromatic X-rays. The 

energy of the X-rays is varied around an ionization edge. The dominant process 

in the X-ray energy range is photoabsorption. The absorption process results in a 

photoelectron and a core hole. The hole is subsequently filled by an electron 

either radiatively by the emission of a fluorescent photon, or non-radiatively by 

the emission of an Auger electron (see Figure 3-4). Both channels are a direct 

measure of the existence of a core hole created by the X-ray absorption and are 

therefore a measure of the absorption cross section. XANES can probes the 

transitions from (usually) the K-edge (deepest core shell) of an atomic species 

into molecular orbitals of bonds to intra-molecular and extra-molecular (surface 

atoms) neighbors. 
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Figure 3-4 Energy diagram of the fundamental photoabsorption processes and the subsequent filling of the 
core hole by emission of a photon or an Auger electron which contribute to XANES spectra. 

 

3.2.4 Field emission scanning electron microcopy 

Field emission scanning electron microscopy (FESEM) is a very useful tool for 

high resolution surface imaging in the fields of nanomaterials science. In a field 

emission scanning electron microscope, comparing to the conventional SEM, no 

heating but a so-called "cold" source is employed. Field emission is the emission 

of electrons from the surface of a conductor caused by a strong electric field. An 

extremely thin and sharp tungsten needle (tip diameter 10-100 nm) works as a 

cathode. The field emission source reasonably combines with scanning electron 

microscopes whose development has been supported by advances in secondary 

electron detector technology. FESEM can produce clearer, less electrostatically 

distorted images with spatial resolution down to 2 nm. That's 5 times better than 

conventional SEM. It can reduce the penetration of low kinetic energy electrons 

probes closer to the immediate material surface. So FESEM is used usually for 

the semiconductor’s surface and cross section analyzing for the widths, 

thicknesses, construction details and structure uniformity determination. Our 
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samples were studied by using FESEM (JEOL JSM-6335F). The acceleration 

voltage between cathode and anode was 20 kV, and the vacuum in the column of 

the microscope was about 5×10-4 Pa. 

 

3.2.5 Transmission electron microscopy 

Transmission electron microscopy (TEM) is a microscopy technique whereby a 

beam of electrons is transmitted through an ultra-thin specimen, interacting with 

the specimen as it passes through. It is a powerful tool for analysis of structure 

and devices with nano-meter scale dimensions. The instrument consists of an 

electro-magnetic lens furnished with an electron source. A monochromatic 

electron beam is accelerated and converged by electromagnetic lenses and 

apertures by varying the currents. The TEM collects the electrons that 

are transmitted through the specimen and an image is formed; the image is 

magnified and focused onto an imaging device, such as a fluorescent screen, on a 

layer of photographic film, or to be detected by a sensor. For crystalline materials, 

the specimen diffracts the incident electron beam, producing local diffraction 

intensity variations that can be translated into contrast to form an image. This 

technique is used for analyzing the morphology, crystallographic structure, and 

even composition of a specimen. Compared to SEM, TEM has better spatial 

resolution and can facilitate the analysis of features at atomic scale (in the range 

of a few nanometers) using electron beam energies in the range of 60 to 350 keV, 

is capable of additional analytical measurements, and requires significantly more 

sample preparation. 
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3.2.6 High resolution transmission electron microscopy 

High resolution transmission electron microscopy (HRTEM) is the ultimate tool 

in imaging defects. It is an imaging mode of TEM that has been widely and 

effectively used for analyzing crystal structures and lattice imperfections in 

various kinds of advanced materials on an atomic scale. HRTEM can provide 

structural information at better than 0.2 nm spatial resolution. In most crystalline 

inorganic materials, including ceramics, semiconductors, and metals, the 

positions of individual atomic columns can be resolved. When recorded under 

optimum conditions, electron micrographs can be directly interpreted in terms of 

the projected crystal potential. In other cases, image simulations are necessary to 

match proposed structures to image features. 

 

3.2.7 Electron energy loss spectroscopy 

Electron energy loss spectroscopy (EELS) can be applied with several techniques, 

but always involves the bombardment of a sample with a monoenergetic beam of 

electrons. The technique is frequently used in association with transmission 

electron microscopy. It is perhaps one of the best methods for the elements 

ranging from carbon through the 3d transition metals. 

In EELS, a material is exposed to a beam of electrons with a known, narrow 

range of kinetic energies. Energy loss occurs because of inelastic scattering by 

both inner-shell and outer-shell electrons present in the specimen. The amount of 
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energy loss can be measured via an electron spectrometer and interpreted in 

terms of what caused the energy loss. These losses can reveal the composition of 

the sample in TEM. Because the analyzing region can be selected from a part of 

the enlarged electron microscopic image, one can analyze very small region. 

Moreover, by selecting electrons with specific loss energy by a slit so as to image 

them, element distribution in specimen can be visualized 

 

3.2.8 Atomic force microscopy 

The atomic force microscopy (AFM) is a high-resolution type of scanning probe 

microscopy, with demonstrated resolution of fractions of a nanometer. It is 

widely used in both industrial and fundamental research to obtain atomic-scale 

images of materials surfaces. It provides a three-dimensional profile of the 

surface which is very useful for characterizing surface roughness, observing 

surface defects, and determining the size and conformation of molecules and 

aggregates on the surface.  

The probe is placed on the end of a flexible cantilever, as shown in Figure 3-5. 

The AFM probe tip gently touches the surface and records the small force 

between the probe and the surface. The motion of the tip across the surface is 

controlled using feedback loop and piezoelectric (PZT) scanner. A 

semiconductor diode laser is bounced off the back of the cantilever onto a 

position sensitive photodiode detector. This detector measures the bending of 

cantilever during the tip is scanned over the sample. The measured cantilever 

deflections are used to generate a map of the surface topography. 

http://en.wikipedia.org/wiki/Scanning_probe_microscopy
http://en.wikipedia.org/wiki/Scanning_probe_microscopy
http://en.wikipedia.org/wiki/Nanometer
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Figure 3-5 Schematic diagram of AFM. 

 

The primary modes of operation for an AFM are the contact mode and tapping 

mode. In the contact mode operation, the force between the tip and the surface is 

kept constant during scanning by maintaining a constant deflection. The static tip 

deflection is used as a feedback signal. Because the measurement of a static 

signal is prone to noise and drift, low stiffness cantilevers are used to boost the 

deflection signal. However, close to the surface of the sample, attractive forces 

can be quite strong, causing the tip to "snap-in" to the surface. In order to prevent 

the tip from sticking to the surface, tapping mode was developed to bypass this 

problem. In tapping mode, the cantilever is driven to oscillate up and down at 

near its resonance frequency by a small piezoelectric element mounted in the 

AFM tip holder. An electronic servo uses the piezoelectric actuator to control the 

height of the cantilever above the sample. The servo adjusts the height to 

maintain a set cantilever oscillation amplitude as the cantilever is scanned over 

the sample. A tapping AFM image is therefore produced by imaging the force of 

the intermittent contacts of the tip with the sample surface.[122] This method of 
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"tapping" lessens the damage done to the surface and the tip compared to the 

amount done in contact mode. The topography of our samples was investigated 

by AFM (Veeco SPM-8) with the tapping mode. 

 

3.2.9 Magnetic force microscopy 

Magnetic force microscopy (MFM) images the spatial variation of magnetic 

forces on a sample surface. For MFM, the tip is coated with a ferromagnetic thin 

film. The system operates in non-contact mode, detecting changes in the resonant 

frequency of the cantilever induced by the magnetic field's dependence on tip-to-

sample separation (shown in Figure 3-6). MFM can be used to image naturally 

occurring and deliberately written domain structures in magnetic materials. 

 

Figure 3-6 Schematic diagram of MFM. 

 

3.2.10 Photoluminescence spectroscopy 

Photoluminescence (PL) spectroscopy is a contactless, nondestructive method to 

probe the electronic structure of materials. The spectral distribution of PL from a 
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semiconductor can be analyzed to nondestructively determine the electronic 

bandgap.  

In photoluminescence spectrometer, the light with particular wavelength is 

excited to illuminate the sample, where it is absorbed imparts excess energy into 

the material. This process is called photo-excitation. Photo-excitation causes 

electrons within the material to move into permissible excited states. When these 

electrons return to their equilibrium states, the excess energy is released and may 

include the emission of light. In the case of photo-excitation, this luminescence is 

called photoluminescence. The energy of the emitted light relates to the 

difference in energy levels between the two electron states involved in the 

transition between the excited state and the equilibrium state. The quantity of the 

emitted light is related to the relative contribution of the radiative process. 

The most common radiative transition in semiconductors is between states in the 

conduction and valence bands, with the energy difference being known as the 

band gap. Radiative transitions in semiconductors also involve localized defect 

levels. The photoluminescence energy associated with these levels can be used to 

identify specific defects, and the amount of photoluminescence can be used to 

determine their concentration. 

The PL spectra of the ZnO and ZnO:C at room temperature were studied by 

photoluminescence spectroscopy (Edinburgh FLSP920) under optical excitation 

by Xe lamp with a wavelength of 324 nm. 
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3.2.11 Vibrating sample magnetometer 

Vibrating sample magnetometer (VSM) is a scientific instrument that measures 

magnetic properties. The schematic and configuration of VSM is shown in 

Figure 3-7. A sample is placed inside a uniform magnetic field to magnetize the 

sample. The sample is then physically vibrated sinusoidally, typically through the 

use of a piezoelectric material. The magnetic flux through a nearby detection coil 

varies sinusoidally. The induced voltage in the detection coil is proportional to 

the sample's magnetic moment, but does not depend on the strength of the 

applied magnetic field. In a typical setup, the induced voltage is measured by 

using the piezoelectric signal as its reference signal. By measuring the field of an 

external electromagnet, it is possible to obtain the hysteresis curve of a material. 

 

Figure 3-7 Sample holder and detection mechanism of VSM. 

 

VSM was used heavily in this work in order to characterize the magnetic 

properties of the ZnO:C. The magnetic sample is mounted on the end of a 
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cantilevered rod that incorporates a piezoelectric element. The sample is 

magnetized by a uniform magnetic field, so dH
dt

= 0 (H is the magnetic field and t 

is time) and a dipole moment (M0) is induced in the sample. When sample is 

vibrating in magnetic field at a fixed frequency (ω), the magnetic moment (M) is 

generated and 𝑀 = 𝑀0 sin𝜔𝑡. Then, a sinusoidal electrical signal can be induced 

in detection coils. According to Faraday’s Law: 

  𝜀 = −𝑁 𝑑Ф
𝑑𝑡

= −𝑁 𝑑(𝐵𝐴)
𝑑𝑡

= −𝑁𝐴 𝑑𝐵
𝑑𝑡

= −𝑁𝐴𝜇0
𝑑(𝐻+𝑀)

𝑑𝑡
= −𝑁𝐴𝜇0𝑀0𝜔 cos𝜔𝑡  

in where ε is induction potential; N is the number of coils; Φ is the magnetic flux 

(=B∙A); t is time; A is the area of coil. The signal is proportional to the magnetic 

moment, vibration amplitude and vibration frequency. The ideal sensitivity of 

instrument is 10-7 emu.  

The vibrating sample magnetometer (Lakeshore VSM7407) was employed to 

measure the magnetic moment of the samples at room temperature. The range of 

uniform magnetic field is -2.0 to 2.0 Tesla. 

 

3.2.12 Superconducting quantum interference device 

Superconducting quantum interference devices (SQUID) are the world’s most 

sensitive detectors of magnetic signals. SQUIDs have been used to measure 

extremely weak magnetic fields for a variety of testing purposes that demand 

extreme sensitivity, including engineering, medical, and geological equipment, 

besides their use in the laboratory. Because it measure changes in a magnetic 
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field with such sensitivity, it does not have to come in contact with the samples. 

Typical SQUID configuration is showed in Figure 3-8. 

 

Figure 3-8 Configuration of SQUID. [From Quantum Design company] 

 

A SQUID consists of a superconducting loop interrupted by either one or two 

Josephson junctions for the radio frequency (RF) or direct current (DC) SQUID, 

respectively. A Josephson junction is made up of two superconductors, separated 

by an insulating layer so thin that electrons can pass through [123]. When two 
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superconductors with different phases of the superconducting order parameters 

are connected through a weak link, tunneling current can flow between them. 

The tunneling current reaches minimum values at points where the applied 

magnetic flux is an integral multiple of the flux quantum. For DC SQUID, it 

consists of two Josephson junctions connected in parallel on a superconducting 

loop and is operated in the voltage state with a current bias. When the flux in the 

loop is increased, the voltage oscillates with a period Ф0 (Ф0 ≡
ℎ
2𝑒

, h is Planck’s 

constant and e is the electron charge.). The quantum mechanical properties of the 

superconductor make this arrangement exquisitely sensitive to tiny changes in 

the local magnetic field. By detecting a small change in the voltage one is able to 

detect a change in flux typically as low as 10−6 Ф0. The magnetic moments of 

samples can be characterized precisely and accurately in SQUID. 

Besides the magnetic hysteresis loops, the zero field cooling (ZFC) - field 

cooling (FC) magnetization curves can be obtained directly also by SQUID. ZFC 

- FC magnetization curves are generally used to examine the magnetic types and 

properties of materials. They are measured in two different ways. ZFC is to cool 

the samples at zero magnetic field from room temperature to low temperature 

(lower than the characteristic temperature of samples) and then to apply a field at 

this low temperature and continuously to measure the effects of the field as 

raising the temperature to a level well above the characteristic level. FC is to 

apply the field at a relatively high temperature compared to a characteristic 

temperature and continuously to measure the effects of the field as lowering the 

temperature to a level well below the characteristic level. FC can be thought of as 
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the reverse process to ZFC. If the ZFC-FC magnetization curves are lining up on 

top of each other, the sample has no magnetic interaction such as paramagnetism 

and diamagnetism. If the ZFC-FC magnetization curves are almost the same, the 

sample is isotropic with the magnetic interaction in the long range. If the ZFC-

FC magnetization curves have the significant differences such as the shape of 

branch or λ, the sample should be spin glass or superparamagnetism or changed 

in anisotropy, as shown in Figure 3-9. 

 

Figure 3-9 Diagram of the ZFC-FC magnetization curves. 

 

In our works, SQUID (Quantum Design MPMS-5P) was employed to determine 

the magnetic moments of our samples not only at room temperature but also at 

low temperature down to 5K and at high temperature to 330 K. The results 

include the magnetic hysteresis loops (magnetic moment vs. field) and ZFC-FC 

magnetization curves. The magnetization absolute sensitivity of it is as low as 

1×10-8 emu. 
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3.2.13 Transport properties measurement 

For semiconductor materials, it yields the carrier concentration, its type, and 

carrier mobility [124]. The importance of the Hall effect is underscored by the 

need to determine carrier density, electrical resistivity, and the mobility of 

carriers accurately in semiconductors. More specifically, experimental data on 

Hall measurements over a wide temperature range provide quantitative 

information on impurities, imperfections, uniformity, scattering mechanisms, etc. 

The Hall coefficient (𝑅𝐻) and resistivity (ρ) are experimentally determined and 

then related to the electrical parameters through (for n-type conduction) 𝑅𝐻 =

𝑟𝐻 𝑛𝑒⁄  and 𝜇𝐻 = 𝑅𝐻 𝜌⁄ , where n is the free-electron concentration, e is the unit 

electronic charge, 𝜇𝐻  is the Hall mobility, and 𝑟𝐻  is the Hall scattering factor 

which is dependent on the particular scattering mechanism. 

The transport properties of the samples were investigated by Lakeshore HMS 

7507 system using the van der Pauw method in the temperature range from 80 K 

up to room temperature. Lakeshore HMS 7507 system is a turnkey, high 

performance system for the measurement of resistivity, carrier concentration, and 

mobility in semiconductors. The system has a uniform field of 0.55 Tesla over a 

radius of 3 cm and easily accommodates typical samples of area 4 cm2. The 

capabilities of this system include the Hall coefficient, Hall resistance, resistivity, 

I-V curves, carrier density and mobility. It can measure samples with resistances 

ranging from 0.04 mΩ to 10×106 Ω with less than 5% measurement uncertainty, 

carrier concentrations from 8×102 to 8×1023 cm-3, hall mobility from 1 to 1×106 

cm2/VS. Prior to measurement, indium contact pads were made at the corner of 
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the samples. Then ohmic characteristic of the samples were tested before the Hall 

effect measurement. The measurements for the magnetoresistances of the 

samples were performed on a physical properties measurement system (PPMS) 

(Quantum Design PPMS-9) using the standard four-probe method in the 

temperature range from 5 K up to 330 K.  
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CHAPTER 4                    
Preparation of ZnO films  

 
4.1 Introduction 

The ZnO films were deposited on SiO2/Si(100) substrates, which were mounted 

perpendicular to the direction of the plasma beam about 10 cm from the outlet of 

the filter bend. The substrates were cleaned ultrasonically using acetone, 

methanol and ionized water consequently, and then blown dry with nitrogen gas. 

Oxygen (purity 99.99%) was used as the reactive gas; its flow rate was controlled 

by a mass flow meter during deposition. The chamber was evacuated to a base 

pressure of 5×10-6 Torr before deposition. The chamber pressure decreases upon 

ignition of the arc, because oxygen gas is pumped by zinc plasma. So the 

pressure value used here was measured during the deposition process with arcing. 

The quality of the ZnO as-grown films is very sensitive to some physical 

parameters such as the substrate temperature and the oxygen pressure in the 

chamber. The formation energy of the oxides related to the growth temperature 

which can also increase the thermodynamic stability of the oxides going from Zn 

plasma to ZnO. The sufficiency of oxygen in the reactive chamber controlled by 

the oxygen pressure determines the extent of reaction of the Zn plasma with 

oxygen gas turning into the ZnO films on the substrates. These two important 

parameters are direct influence the quality of ZnO films. In order to obtain the 
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ZnO films appropriate for the carbon doping, these two parameters were 

investigated. 

The growth of ZnO films were carried out under different substrate temperatures 

from 200 to 400 °C (400 °C is the upper limit of our FCVA system) at various 

oxygen pressures ranging from 0.5to 2 mTorr (0.5 mTorr is the lower limit of our 

FCVA system). The deposition time was adjusted to obtain films with 

thicknesses of about 600 nm.  

 

4.2 Effect of substrate temperature 

First the influence of substrate temperature on the quality of the ZnO films was 

studied. ZnO films were fabricated under various substrate temperatures from 

200 to 400 °C. During the deposition, the oxygen pressure was maintained at 

0.5mTorr. 

 

4.2.1 XRD structural characteristics 

The crystal structure of the ZnO films was investigated by the XRD 

measurement. Figure 4-1 shows the XRD patterns of the ZnO thin films grown 

from 200 to 400 °C with the oxygen pressure of 0.5 mTorr. For the sample 

grown at 200 °C, no peak can be found in the XRD spectrum from 30 to 60° of 

2θ . For each sample grown from 250 to 400 °C, it is observed that the ZnO films 

exhibit a (002) peak at 34.42° and no secondary phase is found. The dominant 

(002) peak indicates that the ZnO films have a hexagonal wurtzite structure with 
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their c-axis normal to the substrate-basal plane. The intensity of (002) peak at 

substrate temperature of 400 °C was the highest in all samples. It indicates the 

higher substrate temperature is more beneficial to the formation of high-crystal 

quality ZnO thin films. 

 

Figure 4-1 XRD patterns of the ZnO thin films grown at different temperatures with 0.5 mTorr oxygen 
pressure.  

 

Table 4 summaries the structural properties of the ZnO films grown at 200, 300 

and 400 °C with oxygen gas pressure of 0.5 mTorr extracted from XRD data. For 

samples grown at temperature above 300 °C, the interplanar crystal spacing of 

d002 and lattice parameter of c of the ZnO films is 0.2601 nm and 0.5202 nm, 

respectively. The grain size does increase from 22 nm at substrate temperature of 

300 °C to 26 nm at 400 °C. It indicates that the thermal energy is helpful to the 

crystal quality of the ZnO films. Higher energy at higher substrate temperature 

impels the crystallization of films be better. 
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Table 4  FWHM, grain size, interplanar spacing and lattice parameter (c) of ZnO thin films grown at 200, 
300 and 400 °C with 0.5 mTorr oxygen pressure.  

 

 

4.2.2 Photoluminescence 

The typical PL spectrum of ZnO film  consists of two emission peaks,  an 

excitonic related near band edge emission (NBE) in the ultraviolet region and a 

broad deep level emission band at around 610 nm [125]. At room temperature, 

the NBE is dominated by free excitonic recombination. The origin of the deep 

level emission band is still not well understood and has been ascribed to oxygen 

vacancies, oxygen interstitials and impurities.[126-128]  The intensity ratio of the 

NBE emission to the deep level reveals the quality of the ZnO films. 

Figure 4-2 shows the photoluminescence spectra of ZnO thin films grown at 200, 

300 and 400 °C with 0.5 mTorr oxygen pressures. The ultraviolet (UV) emission 

corresponding to NBE emission is observed at around 378 nm (3.28 eV). As the 

substrate temperature increases, the UV peak position of the excitonic emission 

shifts from 374 to 378 nm which implies that the band gap narrowing effect 

occurred as the substrate temperature increases. The intensity of NBE emission is 

corresponding to the quality of the ZnO thin films. With the rising of the 

substrate temperature, the crystallinity of the ZnO film gets better due to the 

increasing of the thermal energy. This result is homologous to the XRD result. 
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The optimized substrate temperature for the ZnO films is determined to be as 

400 °C. 

 

Figure 4-2 PL spectra of the ZnO thin films grown at 200, 300 and 400 °C  with 0.5 mTorr oxygen pressure. 

 

4.3 Effect of O2 pressure 

Since high temperature is better for the growth of high-crystal quality ZnO films, 

the substrate temperature was fixed at 400 °C. At this temperature, we studied 

the second important factor (i.e. gas pressure) for the fabrication of ZnO thin 

films. 

 

4.3.1 XRD structural characteristics 

Figure 4-3 shows the XRD patterns of the ZnO thin films grown at 400°C under 

different oxygen pressures from 0.5 to 2.0 mTorr. The (002) diffraction peaks at 

2θ = 34.42° appears in the spectra, which indicates all the ZnO films formed the 
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hexagonal wurtzite crystal structure with their c axis perpendicular to the 

substrate surface. It shows that the ZnO films are of single phase with no 

detectable secondary phase within the sensitivity of the equipment.  

 

Figure 4-3 XRD patterns of the ZnO thin films grown at 400 ° with oxygen pressures of 0.5, 1.0 and 2.0 
mTorr. 

 

It is noteworthy that the intensity of the (002) decreases with the increase of the 

oxygen gas pressure from 0.5 mTorr to 2.0 mTorr. This behavior can be 

understood by two competing processes; the oxygen in the chamber is the 

necessary gas for the formation of ZnO thin films. The oxygen gas can improve 

the stoichiometry of the films and the crystal quality. On the other hand, the 

kinetic energy of the reactive particles in the cathodic plasma decreases due to 

high oxygen pressure, which limits surface diffusion of the growing atoms and 

thus degrades the film quality. 

 

4.3.2 Photoluminescence 

Photoluminescence spectra of the ZnO thin films were acquired at room 

temperature. Luminescent peaks are observed in the films grown under oxygen 
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pressures of 0.5, 1.0 and 2.0 mTorr at substrate temperature of 200, 300 and 

400 °C as shown in Figure 4-4.  

 
Figure 4-4 PL spectra of (a) the ZnO thin films grown at 200 °C, (b) 300 °C and (c) 400 °C with different 
oxygen pressures. 
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At 200 °C, the intensity of NBE peak at 378 nm is weak due to the poor crystal 

quality of the ZnO. With increasing the substrate temperature to 300 °C, the 

intensity of the NBE peak was enhanced and reached maximum when oxygen 

gas pressure was 1.0 mTorr, and then decreased at higher oxygen gas pressure. 

This behavior can be understood by two competing processes; the increase of 

oxygen pressure in the chamber improves the stoichiometry of the films and the 

crystal quality. On the other hand, the kinetic energy of the reactive particles in 

the cathodic plasma decreases due to high oxygen pressure, which limits surface 

diffusion of the growing atoms and thus degrades the film quality. At 400 °C, the 

intensity of the NBE peak is the strongest at 0.5 mTorr. The PL peak intensity 

decreases with further increase in oxygen gas pressure. 

It indicates that the crystal quality of the ZnO films is very sensitive to the 

substrate temperature. At higher temperature, there is more thermal energy for 

the reactivation of Zn plasma with oxygen gas to form the ZnO thin film on the 

substrate surface so that the reaction is easier and more thorough. However, the 

overfilled O2 is not helpful for improving the quality of the ZnO. When O2 

pressure is higher than 0.5 mTorr, the oxygen gas would reduce the kinetic 

energy of Zn ions in the plasma and it would hinder the efficient formation of Zn 

ions and oxygen atoms, leading to the reduction of crystal quality of the ZnO thin 

films.  

The ZnO thin film grown at 400 °C with 0.5 mTorr of oxygen pressure exhibits a 

sharp and strong PL signal of NBE emission at the wavelength of 378 nm with a 

full width at half maximum of 13.86 nm, which is dominated by the free exciton 



Chapter Four 

 

 

Wei Changsong                                                                                                58 

recombination. The appearance of the NBE with the relative high intensity shows 

the ZnO films are of high-crystal quality. 

 

4.4 ZnO thin films prepared under optimized conditions 

According to the above investigation, the optimized fabrication conditions for 

ZnO thin films were determined. The substrate temperature and oxygen gas 

pressure are 400 °C and 0.5 mTorr, respectively.  

Figure 4-5 presents the typical surface and cross-sectional SEM images of the 

ZnO film. It is shown that a textured ZnO film grown on SiO2/Si(100) without 

visible crack formation. No droplet is observed, confirming the high filtering 

efficiency of the filter used here. The thickness of the ZnO thin film is about 600 

nm. The film displays a smooth, uniform grain size and void-free surface. From 

the cross-sectional image, it is seen that the film is composed of columnar-like 

structures, which is consistent with the highly (002) texture growth evidenced by 

the XRD analysis. The RMS (root mean square) roughness of the ZnO film was 

determined by AFM to be 10.3 nm. 

 

Figure 4-5  (a) Surface and (b) cross-sectional SEM images of the ZnO film grown at optimized conditions. 
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The electrical transport properties of the ZnO films were measured in a van der 

Pauw configuration utilizing a Lakeshore HMS 7507 system at room temperature. 

The ZnO films exhibit typical n-type semiconductor characteristics with 

resistivity of about 3.00 Ω∙cm, as shown in Table 5. The carrier concentration 

and Hall mobility are 5.00×1018 /cm3 and 1 cm2/V∙s respectively. 

Table 5  Transport properties of ZnO thin film. 

 

 

4.5 Summary 

In summary, the two important parameters for preparing ZnO films, substrate 

temperature and oxygen gas pressure, were investigated. Under the optimum 

conditions, 400 °C of substrate temperature and 0.5 mTorr of oxygen gas 

pressure, ZnO thin films with high-crystal quality can be obtained. The highly c-

axis oriented films with wurtzite structure display a smooth, uniform grain size 

and void-free surface. The Hall measurement indicates that the room temperature 

resistivity was found to be 3 Ω∙cm with Hall mobility of 1 cm2/V∙s and carrier 

concentration of 5×1018/cm3 for the optimized ZnO thin film. 
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CHAPTER 5                   
Preparation of ZnO:C by IBI 

 
5.1 Effect of distance from the graphite plate 

In order to dope C into the ZnO films with various concentrations, four ZnO 

samples were aligned with various specific distances in front of the graphite plate 

as shown in Figure 5-1. The distances between the samples (④, ③, ② and ①) 

and the graphite plate are 1, 1.5, 2 and 4 cm, respectively. 

 

Figure 5-1 Schematic diagram of the experimental set up for doping various C concentration into ZnO films.  

 

A beam of Ar+ ions is irradiated at an incidence angle of 45º to the graphite plate 

and the ZnO samples surface. The emergence angle of the bombarded carbon 
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ions from the graphite plate is also 45º to the graphite plate and the ZnO surface. 

The ratio of the travelling distance of the carbon ions from the graphite plate to 

the sample ①, ②, ③ and ④ are 4:2:1.5:1. The sample nearest (i.e. sample ④) to 

the graphite plate is expected to receive the maximum amount of C ions. With an 

increase of separation distance from the graphite plate, the amount of C ions 

reaches the samples should decrease due to the energy loss of the C ions. The C 

concentration in the samples should be increased with the decrease of the 

distance from the graphite plate. So sample ① should receive minimum amount 

of C ions and the C concentration is expected to be inversely proportional to the 

distance between sample and the graphite plate.  

In addition to the distance between the graphite plate and the ZnO sample, there 

are two other parameters which will affect the C concentration in the ZnO films 

which are ion beam energy and irradiation time. By increasing the ion beam 

energy, more C ions will be sputtered off from the graphite plate. The energy of 

the C ions will also increase which will affect the doping efficiency into ZnO. 

Prolonging the irradiation time will also increase the amount of C ions arriving 

onto the ZnO surface. On the other hand, the ion beam also etches the surface of 

the sample. By increasing either the ion beam energy or prolonging the 

irradiation time, the etching extent of the sample will increase.  

Sample ④ is expected as the sample with the highest carbon concentration. Thus 

sample ④  was chosen for the study of the effect of ion beam energy and 

irradiation time to determine the optimum conditions for carbon doping. 
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5.2 Effect of ion beam energy 

In order to investigate the effect of ion beam energy on the structural and 

magnetic properties of the ZnO:C thin films, ZnO thin films were irradiated by 

ion beam energies from 500 to 1000 eV with the same irradiation time of 3 

minutes.  

 

5.2.1 Atomic force microscopy 

The surface morphology of the as-grown ZnO thin film and the ZnO:C thin films 

were characterized using the atomic force microscopy (AFM). Figure 5-2 shows 

the micrographs of the surface morphology of the ZnO films irradiated by ion 

beam with different ion beam energies.  

After the irradiation, the films consist of dense and fairly uniform grain size. 

However, when the ion beam energy is more than 700 eV, some droplet-like 

particles could be observed on the surface of the films as shown in Figure 5-2(e) 

~ (g). These droplet-like particles were identified by energy dispersive X-ray 

spectroscopy (EDX) as carbon dots. With increasing ion beam energy, the carbon 

dots accrued. It is due to the excessive bombarding of carbon ions from the 

graphite plate by the energetic ions. When the ion beam energy is greater than 

800 eV, more carbon species reached the surface of the ZnO. The excess carbon 

ions accumulate at the surface of the thin films and form the carbon dots on the 

surface instead of doping into the ZnO thin films. Consequently, the ion beam 

energy of 700 eV may be appropriate for the fabrication of ZnO:C system. 
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Figure 5-2 AFM micrographs of (a) as-grown ZnO, and ZnO:C thin films irradiated with different ion beam 
energies: (b) 500 eV, (c) 600 eV, (d) 700 eV, (e) 800 eV, (f) 900 eV, (g) 1000 eV. (h) Droplet-like particles 
were identified by EDX as carbon. 

 

EDX of films with 
ion beam energy > 
800 eV 

(h) 



Chapter Five 

 

 

Wei Changsong                                                                                                64 

The roughness of these films after irradiation is presented in Table 6. The 

roughness of the as-grown ZnO thin film is 10 nm. The roughness of the ZnO:C 

thin films is increased from 10.5 to 19.4 nm with ion beam energies ranging  

from 500 eV to 1000 eV respectively.  

Table 6 The roughness of the as-grown and irradiated ZnO thin films under different ion beam energies. 

 

 

5.2.2 Magnetic properties 

The ferromagnetic properties of these ZnO:C thin films were studied by SQUID. 

The magnetization (or magnetic moments) can be found in the hysteresis loops. 

The hysteresis loops as a function of ion beam energy is shown in Figure 5-3. 

When the ion beam energy is less than 700 eV, the hysteresis loops of the ZnO:C 

thin films were not clear due to the inconspicuous magnetic moments in the 

samples. Increasing the energy to 700 eV, a clear hysteresis loop could be seen. 

The saturated magnetization (Ms) is about 3.97 emu/cm3 for the sample prepared 

at 700 eV. At 800 eV, Ms was about 2 times of that at 700 eV. However, with 

increasing the ion beam energy to 1000 eV, the magnetic moments of the 

samples do not increase further. It indicates that the threshold ion beam energy 

for the carbon doping in this system is about 700 eV.  
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Figure 5-3 ZnO:C thin films were prepared under different ion beam energies. (a) The M-H loops of the 
ZnO:C thin films. (b) The dependence of saturated magnetizations of the ZnO:C thin films on the ion beam 
energies. 

 

Although using ion beam energy of above 700 eV could produce ZnO:C with 

higher Ms, however, higher energy would induce excess carbon dots on the 

surface of the samples. In order to obtain the ZnO:C thin films with larger Ms 

without impurity on the surface, we selected the ion beam energy of 700 eV and 

then investigated the effect of irradiation time. 

 

5.3 Effect of irradiation time 

The effect of the irradiation time on magnetic properties of the ZnO:C thin films 

was investigated. The ion beam energy was fixed at 700 eV and the irradiation 

times were varied from 3 to 9 minutes. 

 

5.3.1 Atomic force microscopy 

Figure 5-4 shows the AFM micrographs of the ZnO:C thin films fabricated at 

700 eV with different irradiation times. There is no droplet-like particle formed 
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on the surface of all the samples. It indicated that the doping rate of carbon ions 

is not changing remarkably with the irradiation time. 

 

Figure 5-4 AFM micrographs of the ZnO:C thin films fabricated at 700 eV with different times (a) 3, (b) 5, 
(c) 7, (d) 9 minutes. 

 

The roughness of these films is presented in Table 7. The roughness is increased 

slightly with prolonging the irradiation time from 3 minutes to 9 minutes. 

Comparing the roughness of the ZnO:C thin films prepared at different ion beam 

energies with different irradiation times, as shown in Figure 5-5, it can be found 

that the surface roughness of the ZnO:C thin films prepared at 700 eV with 3 

minutes is less than those prepared at higher ion beam energies.  
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Table 7 The roughness of the as-grown ZnO thin films and irradiated ZnO thin films at 700 eV with 
irradiation time ranging from 3 to 9 minutes. 

 

 

 

Figure 5-5 The roughness of the ZnO:C thin films fabricated at 700 eV with different irradiation times (open 
squares), comparing with the roughness of the films irradiated by the different ion beam energies (solid 
squares). 

 

5.3.2 Magnetic properties 

Figure 5-6(a) shows the M-H curves of the ZnO:C thin films prepared at 700 eV 

with irradiation times ranging from 3 to 9 minutes. The Ms is increased by a 

factor of 2 when the irradiation time increases from 3 to 4 minutes. It is worth 

noting that Ms increases slightly from 5 to 9 minutes. It indicates that the 

optimized growth conditions for the ferromagnetic ZnO:C is 7 minutes 

irradiation at 700 eV.  
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Figure 5-6 ZnO:C thin films were fabricated  at 700eV with different irradiation times. (a) The M-H loops 
of the ZnO:C thin films prepared at different irradiation times. (b) The dependence of magnetic moment of 
the ZnO:C thin films on the irradiation time. 

 

5.4 Summary 

In summary, the ion beam irradiation technique is an effective method for the 

fabrication of ZnO:C system. The effects of ion beam energy and irradiation time 

on the samples were investigated. The optimized growth conditions for the 

ZnO:C thin films were determined to be 700 eV of ion beam energy with 7 

minutes of irradiation time.  
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CHAPTER 6                   
Ferromagnetic ZnO:C thin films 

 
6.1 Introduction 

The ZnO:C thin films were fabricated by the FCVA and IBI techniques under the 

optimized conditions, 700 eV of ion beam energy and 7 minutes of irradiation 

time. The samples labeled as ① , ② , ③  and ④  represent various C 

concentrations. As discussed in Section 5.1, the C content in the samples ①, ②, 

③ and ④ are increasing as samples ① and ④ being the lowest and highest C 

content respectively.  

We attempted to quantify the carbon content in the samples by various 

techniques such as X-ray photoelectron spectroscopy, high-resolution 

transmission electron microscopy, electron energy loss spectroscopy, and X-ray 

absorption near-edge fine structure spectroscopy. However, we were not able to 

obtain reliable results which can determine the carbon content in the samples. 

Therefore, samples labeled as ①, ②, ③ and ④ are used throughout this thesis to 

represent various C contents in the samples. 

VSM and SQUID were employed to study the magnetic properties of the ZnO:C 

thin films. Temperature dependent transport properties of the ZnO:C thin films 

were obtained. Microstructure and surface morphology of these films were 

investigated. 
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6.2 Structural characteristics 

Figure 6-1 shows the X-ray diffraction (XRD) patterns of the ZnO and ZnO:C 

thin films. All the ZnO:C thin films exhibit a prominent c-axis (002) texture at 

34.53° with high crystallinity, corresponding to a ZnO wurtzite structure. No 

trace of the impurities or graphite-related peaks can be detected within the 

scanning range of 30° to 60°.  

 

Figure 6-1 (a) XRD patterns of the ZnO thin film and ZnO:C thin films with different carbon concentration 
and (b) the expanded view of XRD patterns. 

 

A shift of  (002) peak to higher angle by 0.11° as compared to the as-grown ZnO 
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thin film is observed in the patterns of ZnO:C thin films. By the calculations 

through (1) Bragg law and (2) formula of lattice constants, 

nλ = 2𝑑 sinθ                                                      (1) 

𝑎 = 𝑑�4
3

(ℎ2 + ℎ𝑘 + 𝑘2) + 𝑙2(𝑎
𝑐
)2                                       (2) 

where n is an integer, λ is the wavelength of incident wave, d is the spacing 

between the planes in the atomic lattice, 𝑎 and 𝑐 are the lattice constants, ℎ, 𝑘 

and 𝑙 are Miller indices of the plane. The lattice constant 𝑐 of (002) plane can be 

calculated. It reveals that the lattice constant c of the ZnO:C thin films is reduced 

by 0.309% as compared to the ZnO thin film. The radius of Zn2+, O2- and 

covalent carbon are 0.74Å, 1.40Ǻ and 0.77Ǻ respectively. The radius of covalent 

carbon is smaller than the radius of O2- . The reduction of lattice constant 𝑐 with 

carbon doping is expected as smaller C ions substituted into the O sites of ZnO 

lattices. 

 

6.3 Ferromagnetic properties 

6.3.1 M-H loops 

Figure 6-2 shows the magnetic hysteresis loops of the ZnO:C thin films at room 

temperature with different carbon concentrations. All the samples exhibit 

ferromagnetic ordering with clear hysteresis loops. Ms of the ZnO:C thin films is 

increasing with the increase of the carbon concentration in the ZnO:C. 

 

http://en.wikipedia.org/wiki/Wavelength
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Figure 6-2 The magnetization hysteresis loops of the ZnO:C thin films with different carbon concentrations 
at room temperature. 

 

Figure 6-3 shows the magnetic hysteresis loops of the ZnO:C thin film (film ①) 

at 5 and 300 K. Ms of the samples increases by 50% from 4.08 emu/cm3 at 300 K 

to 6.12 emu/cm3 at 5 K. It is worthwhile to highlight that no ferromagnetism can 

be observed from the as-grown ZnO and the ion beam irradiated sample in the 

absence of the graphite plate under identical growth conditions. A large 

enhancement in coercivity is detected at low temperature. The coercivity (HC) is 

found in the order of 50 Oe at 300 K; then it is surged to 150 Oe at 5 K, as 

illustrated in the inset of Figure 6-3. This broadening effect is a classical 

behavior of magnetic materials at low temperature. According to Stoner-

Wohlfarth’s model [129], the magnetocrystalline anisotropy of materials at a 

given temperature can be considered simply as to be proportional to the product 

of Ms and HC. As to our ZnO:C thin film, both Ms and HC increasing with the 

decreasing of the temperature suggest that the ferromagnetic anisotropy of 

ZnO:C thin film is enhanced remarkablely at low temperature. 
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Figure 6-3 The hysteresis loops of the ZnO:C (film ①) film at 5 and 300 K. The inset shows the expanded 
view of the hysteresis loops. 

 

6.3.2 ZFC-FC magnetization curves 

The ZFC-FC magnetization curves of the ZnO:C thin film (film ①) measured 

under applied field of 50 Oe are shown in Figure 6-4. The sample exhibits a 

Curie temperature above 330 K. The magnetization increases with an increase in 

temperature from 5 K up to a transition temperature (TT) of 216, and then the 

magnetization decreases with temperature greater than TT. This convex shape of 

ZFC-FC curve reflects antiferromagnetic and ferromagnetic transition near TT. 

Focusing on ZnO:C thin films (film ① ), for T < 216 K, a pronounced 

antiferromagnetic interaction is observed. However, the ferromagnetic phase is 

still strongly dominant over the whole range of temperatures. The cusp in the 

ZFC and FC magnetization is typically interpreted as an indication of spin-glass 

behavior [46], attributing to the frustration originating from the coexistence of 

ferromagnetic and antiferromagnetic interactions. 
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Figure 6-4 The ZFC-FC magnetization curves for the ZnO:C thin film (film ①) measured at magnetic field 
of 50 Oe.  

 

6.3.3 Magnetic force microscopy 

Figure 6-5 shows the magnetic force microscopy (MFM) micrograph of the 

ZnO:C thin film (film ②). It is found that the MFM amplitude image shows the 

points distribution in the area of 25 μm2 (Figure 6-5(a)) on the surface of the 

ZnO:C thin film. In order to judge the relationship between the MFM micrograph 

and the surface topography of the ZnO:C thin film, the scan area was shrunk to 1 

μm2. The speckle-like structures are shown in MFM amplitude image (Figure 6-

5(b)) which is not evident from the corresponding topography image (Figure 6-

5(c)). The average diameter of these speckles is about 200 nm. The distribution 

of the speckle-like magnetic domains in the ZnO:C thin film is related to the 

process of the ion beam irradiation technique. During the irradiation, the C ions 

should be bombarded out of the graphite plate to form cluster of the carbon ions. 

The C ions should arrive at the surface of the ZnO thin film randomly. The areas 

where the C ions were doped into should show the magnetic domains as the 

speckle structure.  Other places are nonmagnetic. 
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Figure 6-5 (a) The MFM micrograph of the ZnO:C thin film (film ②); (b) the expanded view of the MFM 
micrograph; (c) the correspond AFM micrograph of the ZnO:C thin film in the same area of (b). 

 

6.4 Transport properties 

6.4.1 Hall effect 

C is predicted to be a p-type dopant for ZnO. In order to determine carrier type 

and concentration of the ZnO:C thin films, the Hall measurement was conducted. 

Table 8 shows the resistivity, carrier concentration and Hall mobility of the 

ZnO:C thin films measured at room temperature. The ZnO:C thin films exhibit p-

type conduction with the hole concentration at about 2×1018/cm3. The 

experimental result is in good agreement with the theoretical studies. [46, 49] 

Theoretical calculations suggested that direct hole doping at the anion site such 

as C substitution on the O site is more effective for localizing the hole and 

sustaining the magnetic moment.  

It is noted that the resistivity increased with the increase of the C concentration in 

the ZnO:C thin films. It is generally known that shallow donors or acceptors 

increase the concentration of electrons or holes in the semiconductors, while 
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deep level impurities only reduce the concentration of carriers due to their 

bonding nature in the host crystal. 

Table 8 The resistivity, carrier concentration and Hall mobility of the ZnO:C thin films measured at room 
temperature.  

 

 

6.4.2 Temperature dependence of the resistivity 

The temperature dependence resistivity ρ(T) of the ZnO:C thin film (film ①) is 

plotted in Figure 6-6. The resistivity of the ZnO:C thin film decreases with 

increasing temperature. Three distinct ρ(T) regions with their crossover 

temperatures at 216 K (T1) and 300 K (T2) are clearly depicting three different 

transport mechanisms. For T > T2, the ZnO:C thin film exhibits the metallic-like 

behavior with its resistivity and activation energy keep almost constant at 3.7 

Ω∙cm and 1.23 meV, respectively. The metallic behavior persists until T2 and 

then followed by a sharp rise in the resistivity up to a temperature of about T1, 

which is reminiscent of a metallic-like to semiconductor-like transition. The 

ZnO:C possesses resistivity of 62 Ω∙cm at 216 K. For T < T1, the resistivity 

increases monotonically. At 30 K, the resistivity of the ZnO:C increases to 70 

Ω∙cm and having activation energy of 417 meV, elucidating an insulator-like 
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behavior. Interestingly, we note that the transition temperature of T1 corresponds 

well to the ZFC-FC peak of ZnO:C (film ①) as illustrated in Figure 6-6 and 

Figure 6-4. It suggests that there should be a close correlation between the 

transport and magnetic properties of the ZnO:C.  

 

Figure 6-6 Temperature dependence of the resistivity on the ZnO:C thin film (film ①). The variable range 
hopping in the presence of carrier-carrier interaction is evident from the linearity of ln(ρ) vs. T-1/2 as shown 
in the inset, where solid curves are a guide for the eye. The linear fit depicts a transport mechanism and 
activation energy change at 216 K for the sample. 

 

In order to further explore the transport mechanism in the ZnO:C, the data were 

replotted into ln(ρ) versus T-1/2 as shown in the inset of Figure 6-6. It is evident 

that ln(ρ) is linear as a function of T-1/2 with a crossover point at T1. The linearity 

of ln(ρ) as a function of T-1/2 for the entire temperature range is qualitatively 

consistent with the thermally activated process, 𝜌 = 𝜌0exp [(𝑇0/𝑇)1/2], which is 

a characteristic of magnetic polaron variable range hopping (VRH) in the 

presence of carrier-carrier interaction.[130] The VRH mechanism provides a 

reasonable explanation of transport behavior in ZnO:C thin films. 
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6.4.3 Anomalous Hall resistivity 

Figure 6-7 shows the magnetic field (H) dependence Hall resistivity (ρxy) for the 

ZnO:C thin film (film ①). The field was applied perpendicular to the sample’s 

surface at 300 K as depicted in the inset of Figure 6-7.  

 

Figure 6-7 The magnetic field dependence of anomalous Hall resistivity ρxy on the ZnO:C thin film (film ①)  
measured at 300 K. The applied magnetic field is perpendicular to the sample plane with constant current of 
0.01 mA as illustrated in the inset. 

 

As it is common for the ferromagnetic materials, the value of ρxy is given by the 

sum of the ordinary Hall effect and anomalous Hall effect (AHE) term 

determined by the magnetization M(H).[131] At low magnetic fields ( < 2.5 kOe), 

ρxy has largely linear field dependence and the anomalous contribution dominates. 

Above 2.5 kOe, ρxy increases gradually and becomes much less field dependent, 

which is dominated by ordinary Hall resistance. The positive slope at high field 

regime implies the charge carriers in the ZnO:C thin film is p-type with its hole 

concentration at 2×1018/cm3. Theoretical calculations suggested that direct hole 

doping at the anion site such as C substitution on the O site is more effective for 
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localizing the hole and sustaining the magnetic moment.[46, 132] The result is in 

good agreement with the theoretical prediction. It is worthwhile to highlight that 

the characteristic of ρxy as a function of magnetic field is similar to the M(H) plot 

as shown in Figure 6-2, suggesting intrinsic nature of ferromagnetism in the 

ZnO:C. 

Next, we take into account the magnetotransport properties of the ZnO:C thin 

film before discussing the intrinsic nature of this ferromagnetic material. Figure 

6-8 shows the temperature dependence of resistivity on the ZnO:C thin film, 

performed at applied magnetic fields of 0, 1, 4 and 8 Tesla. The resistivity 

decreases with an increase in magnetic field, reflecting negative 

magnetoresistance ratio. To our surprise, the remarkable change in resistivity 

occurred in the temperature range between 180 and 240 K, as seen from the inset 

of Figure 6-8. It is an unusual phenomenon as compared to ZnO:TM 

materials.[133] 

 

Figure 6-8 Temperature dependence resistivity of the ZnO:C thin film (film ①) under an applied field of 0, 
1, 4 and 8 Tesla. Inset shows the temperature dependence resistivity from 180 to 240 K. 
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6.4.4 Magnetoresistance  

Figure 6-9 shows the magnetoresistance (MR) ratio curves of the ZnO:C thin 

film (film ①) at 5, 200, and 300 K, the corresponding MR ratio is -1%, -4%, and 

-0.2%, respectively. The MR is peaked at 200 K and then the value decreases to 

about 0.2% at 300 K. This unusual result is in accordance with the magnetic 

dependence ρ(T) data in Figure 6-8. Combining the magnetic and 

magnetotransport analysis, the possible underlying mechanism of this unusual 

MR effect should correlate to the magnetic inhomogeneous and magnetic phase 

transition at 200 K, as evidenced by M(T) curves in Figure 6-4. Near transition 

temperature of 200 K, the ground state changes from ferromagnetic to 

antiferromagnetic state, leading to domain wall scattering. Domain walls are 

known to be a source of resistance and the phase transition energy goes along 

with domain walls.[134] Thus, the strongest MR near 200 K could be due to its 

smaller antiferromagnetic-ferromagnetic transition energy and reduced domain 

walls resistance. The rapid rise in resistivity from 300 to 200 K could be 

attributed to the gradual growth of antiferromagnetic interaction, as suggested by 

the ZFC-FC curve given in Figure 6-4. Interestingly, the similar MR behavior is 

found in hole-doped perovskite manganites system such as La1−xSrxMnO3, where 

the highest negative MR ratio occurred at the ferromagnetic transition 

temperature.[135]  
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Figure 6-9 The MR curves of the ZnO:C thin film (film ①) measured at 5, 200, and 300 K. 

 

6.5 Stability of ferromagnetism 

It is known that ferromagnetism in ZnO:TM films or nanoparticles are not stable 

and will degrade with time. The degradation could take place within hour to 

several months after the samples were synthesized.[136-139] Thus, it would be 

of interest to study the stability of the ZnO:C samples. The ZnO:C thin film (film 

①) was kept in a transparent sample box in ambient air for a long period of time. 

The time dependence Ms was measured in an interval of three months as plotted 

in Figure 6-10. Ms of the ZnO:C thin film remains constant at 3.9 emu/cm3 over a 

period of one year. Our observation is stark contrast to many ZnO:TM materials 

where the ferromagnetism will degrade with time.[137-139] It should also be 

noted that the hole concentration of the ZnO:C thin films remains almost 

constant for the entire storage period as shown in Figure 6-10, suggesting the 

stable p-type behavior in the ZnO:C system. The transient p-type behavior 

observed in most of the p-type ZnO can be attributed to either the addition of free 
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electrons due to hydrogen or the creation of compensating defects.[137] The 

conduction in ZnO:C thin films does not seem to be sensitive to ambient air or 

oxidation process.  

 

Figure 6-10 Ms and hole concentration of the ZnO:C thin film (film ①) as a function of the storage time. 

 

To have better understanding of its ferromagnetic stability, the ZnO:C thin film 

(film ①) was annealed in air for 15 minutes at various temperatures ranging 

from room temperature to 700 °C. Ms of the ZnO:C thin film remains constant 

for annealing temperature up to 200 °C as shown in the Figure 6-11. 

Nevertheless, Ms reduces by 17.5% to 3.3 emu/cm3 after the sample was 

annealed at 300 °C. The sample annealed at 300 °C shows high resistivity and no 

reliable Hall effect could be obtained. The loss of electronically active acceptor 

states could be explained by the generation of compensating defects such as 

oxygen vacancies.[137] The ferromagnetism in the ZnO:C thin film is associated 
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with the hole and the hole could enhance the ferromagnetism, which is in good 

agreement with the theoretical studies.[46, 49]  

 

Figure 6-11 Ms dependence of the ZnO:C thin film (film ①) as a function of annealing temperature. 

 

6.6 Summary 

The ZnO:C thin films with different carbon concentrations showed hexagonal 

wurtzite structure. All the ZnO:C thin films exhibit ferromagnetic ordering at 

room temperature and the Curie temperature is above 330 K. P-type conduction 

is observed in the ZnO:C thin films with their hole concentrations about 

2×1018/cm3. The ZnO:C thin film exhibits the semiconductor behavior when the 

temperature is between 30 K and 216 K. For the temperature is above 300 K, the 

ZnO:C thin film shows the metallic-like behavior. When temperature is lower 

than 30 K, the resistivity of the ZnO:C thin film increases significantly, 

elucidating an insulator-like behavior. The AHE and MR signals at room 

temperature reveal that direct hole doping at the anion site in the ZnO:C thin 

films is more effective for localizing the hole and sustaining the magnetic 
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moment. The ZnO:C thin films are stable at room temperature and do not 

degrade markedly during the storage time of more than one year. 
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CHAPTER 7                   
Ferromagnetic ZnO:C nanoneedles 

 
7.1 Introduction 

Owing to the peculiar characteristics and the particular application, one-

dimensional (1D) ZnO-based DMS nanostructures has attracted great attention in 

materials science and nanotechnology fields. It is due to the high processing 

temperature in the conventional methods such as pulsed laser deposition and 

solid state reaction that the fabrication of 1D ZnO:C nanoneedles remains largely 

unexplored. One way to overcome this problem is the use of ion beam doping at 

low temperatures. Ion beam irradiation to the metals, semiconductors, and also 

carbon surfaces can induces the formation of various types of surface structures, 

such as ripples, conical protrusions, rods, and whiskers, with dimensions from 

nano- to micrometers.[117, 140, 141] This technique has been proved as an 

effective method for doping and the fabrication of nanoneedles at room 

temperature.[120, 142, 143] Cu-doped ZnO nanoneedles were fabricated by this 

technique showing room temperature ferromagnetism [119]. In this chapter, we 

report the magnetic anisotropy in the ferromagnetic ZnO:C nanoneedles 

fabricated by the ion beam irradiation technique at room temperature. Similar to 

the ZnO:C thin films, the nanoneedles are labeled as needles ①, ②, ③ and ④ 
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with increasing C content according to their number where needles ① and ④ 

being the lowest and highest C content respectively. 

 

7.2 Structural characteristics 

 
Figure 7-1 (a) XRD patterns of the ZnO nanoneedles and ZnO:C nanoneedles with different carbon 
concentrations  and (b) the expanded view of XRD patterns. 

 

Figure 7-1 shows the XRD patterns of the ZnO and ZnO:C nanoneedles. The 

(002) peaks associated with the hexagonal wurtzite structure are observed at 
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34.44° and 34.55° in the ZnO and ZnO:C nanoneedles, respectively. No graphite-

related peak is detected within the sensitivity of XRD. The (002) peak of the 

ZnO:C nanoneedles is shifted to a higher angle comparing with the undoped ZnO 

nanoneedles. By the calculations through Equation (1) Bragg law and Equation 

(2) formula of lattice constants mentioned in Chapter 6, the lattice constant 𝑐 of 

(002) plane can be calculated. It reveals that the c of the ZnO:C nanoneedles is 

reduced by 0.337% as compared to the ZnO nanoneedles. The radius of Zn2+, O2- 

and covalent carbon are 0.74Ǻ, 1.40Ǻ and 0.77Ǻ respectively. The radius of 

covalent carbon is smaller than the radius of O2- . The reduction of lattice 

constant 𝑐 with carbon doping is expected as smaller C ions substituted into the 

O sites of ZnO lattices.  

 

7.3 Field emission scanning electron microscopy 

The surface morphology of the nanoneedles is shown in Figure 7-2 obtained by 

field emission scanning electron microscope (FESEM). It is disclosed that the 

surface of the sample is covered with needle-like structures. The ZnO:C 

nanoneedles are uniformly distributed. Figure 7-2(b) was taken by aligning the 

sample faces to the electron beam with a tilt angle so that the inclined angle 

between the nanoneedles and substrate could be estimated. The needle-like 

structures with the sharp tips are aligned at an angle of around 45° relative to the 

surface of the ZnO film. The length of the nanoneedles is about 700 nm and the 

average diameter of the shaft is 200-250 nm with considerably sharp morphology. 

The apex angle of the nanoneedles is around 15°. 



Chapter Seven 

 

 

Wei Changsong                                                                                                88 

 

Figure 7-2 FESEM images of the ZnO:C nanoneedles: (a) sample surface is perpendicular to the electron 
beam; (b) sample surface faces to the electron beam with a tilt angle of 45°. 

 

7.4 Magnetic properties 

7.4.1 M-H loops 

Ferromagnetic properties of the ZnO:C nanoneedles were investigated. The 

measured magnetization has subtracted the diamagnetic background arising from 

the substrate. The undoped ZnO nanoneedles are non-magnetic. The ZnO:C 

nanoneedles exhibit ferromagnetism at room temperature with clear hysteresis 

loops as shown in Figure 7-3. The saturated magnetizations of the ZnO:C 

nanoneedles increase with the increasing of the carbon concentration.  
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Figure 7-3 The magnetization hysteresis loops of the ZnO:C nanoneedles with different carbon 
concentration at room temperature. 

 

 

Figure 7-4 Magnetic hysteresis loops of the ZnO:C nanoneedles (needles ①) at 5 and 300 K. The inset 
shows enlarged view of the magnetic hysteresis loops. 

 

Figure 7-4 depicts the magnetic hysteresis loops of the ZnO:C nanoneedles 

(needles ①) at 5 and 300 K. The sample shows the clear hysteresis loop at room 
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temperature with its Ms of 3.04 emu/cm3. At 5 K, a mild increment of Ms by 27% 

is observed. Nevertheless, a large enhancement in HC is detected at low 

temperature. HC is found in the order of 60 Oe at 300 K; then it is surged to 150 

Oe at 5 K, as illustrated in the inset of Figure 7-4. This broadening effect is a 

classical behavior of magnetic materials at low temperature.  

 

7.4.2 ZFC-FC magnetization curves 

 

Figure 7-5 ZFC-FC magnetization curves for ZnO:C nanoneedles with different carbon concentrations 
measured at low magnetic field of 50 Oe. 

 

Figure 7-5 shows the ZFC-FC magnetization curves of the ZnO:C nanoneedles 

measured at low magnetic field of 50 Oe. The Curie temperature of the sample is 

above 330 K. The ZnO:C nanoneedles show the ferromagnetic behavior at room 

temperature and spin-glass behavior at low temperature. ZFC and FC 

magnetization increases slowly to a plateau as the temperature increases from 5K. 

The slightly convex shape of the ZFC-FC magnetization curves reflects the 

antiferromagnetic and ferromagnetic transition at transition temperature (TT) 
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about 120 K.[144] When T > TT, the magnetization increases with decreasing the 

temperature which is a characteristic feature of the ferromagnetic DMS. For T < 

TT, a pronounced antiferromagnetic interaction is observed. However, the 

ferromagnetic phase is still dominant over the whole temperature range. 

 

7.4.3 Ferromagnetic anisotropy 

In order to investigate the ferromagnetic anisotropy of the ZnO:C nanoneedles, 

the magnetizations of the ZnO:C nanoneedles (needles ①) were measured at 

different directions of the applied fields, as shown in Figure 7-6. Ms is 3.04 

emu/cm3 and 1.24 emu/cm3 when the applied field was parallel and 

perpendicular to the surface of samples, respectively. The sample exhibits the 

ferromagnetic anisotropy at high field ( > 200 Oe). As proposed by Sati et al., the 

easy plane ferromagnetism in ZnO:C may be considered as a signature of 

intrinsic ferromagnetism where carbon ions in ZnO possess a strong single 

anisotropy.[145] Chanier et al. reported the tetrahedral and trigonal crystal field 

of ZnO, together with spin-orbit coupling, lead to a magnetic anisotropy.[146] 

 

Figure 7-6 The magnetization hysteresis loops of the ZnO:C nanoneedles (needles ①) at room temperature 
in the perpendicular and parallel directions of the applied fields. 
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In order to determine the origin of the ferromagnetic anisotropy of the ZnO:C 

nanoneedles, the samples were tilted by 45° relative to the plane of the sample 

surface to align the angle (θ) between the shape axis of the nanoneedles and the 

applied field (B) equal to zero degree. Figure 7-7 shows the angular dependence 

of Ms and Hc of the ZnO:C nanoneedles from θ = 0˚ to θ = 180˚. When θ = 0˚, Ms 

and Hc reach the minimum and maximum respectively. With the increasing of θ 

from 0 to 90˚, Ms increases and Hc decreases. It confirms that the ferromagnetic 

anisotropy in the ZnO:C nanoneedles. The easy axis of the ZnO:C nanoneedles is 

perpendicular to the shape axis of the nanoneedles. There are two different 

effects related to the observed anisotropy. First, the easy axis of the single ZnO:C 

nanoneedle is perpendicular to the shape axis of the sample. It is easier to 

saturate the sample with a low field (about 1000 Oe, see Figure 7-6) applied in 

the perpendicular direction to the shape axis. Second, the effect related to the 

anisotropy of the sample as the magnetization along the direction of θ = 0˚ is the 

smallest at all fields. 

 

Figure 7-7 Angular dependence of Ms and Hc for the ZnO:C nanoneedles (needles ①). 
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The dipole–dipole interaction model has been employed to explain qualitatively 

the magnetization behaviors in magnetic wire arrays with the length from 

nanometers to microns [147-150]. The model can also be applied to our samples. 

The ZnO:C nanoneedles can be considered as a two dimensional array of 

magnetic dipoles. There are two key contributions in the determination of the 

field acting on the single nanoneedle. Firstly, the intrinsic self-demagnetization 

field (H//) which leads to a magnetic easy axis parallel to the nanoneedle’s shape 

axis. Secondly, the extrinsic dipole field (H⊥) prompts by the magnetostatic 

coupling among the nanoneedles which induced a magnetic easy axis 

perpendicular to the nanoneedle’s shape axis. The total effective anisotropic field 

(Hk) acting on one nanoneedle can be written as 

𝐻𝑘 = 𝐻// − 𝐻⊥ = 2𝜋𝑀𝑠 −
6.3𝜋𝑀𝑠𝑟2𝐿

𝐷3  

in where r, L, and D represent the diameter, length, and separation of the 

nanoneedles respectively. When Hk equals to zero, the critical length 𝐿𝑐 equals to 

2𝐷3

6.3𝑟2
. If the length of the nanoneedle is larger than Lc, Hk is negative. Thus, the 

magnetic easy axis is perpendicular to the nanoneedle’s shape axis due to the 

dominant of the dipole field (H⊥). For our nanoneedles, D = 300 nm and r = 250 

nm, we have Lc = 137 nm. The average length of our ZnO:C nanoneedles (L) is 

about 700 nm which is larger than 𝐿𝑐 . It reveals that Hk is dominated by H⊥ 

which is in good agreement with the experimental result. Therefore, the easy axis 

is perpendicular to the shape axis of the nanoneedles so that Ms reaches 

maximum when θ = 90˚. Hc represents the sum of the intrinsic field (H//) and 

extrinsic field (H⊥) of the nanoneedles. It is evident that H⊥ increases with Ms as 
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Ms increases with θ and reaches maximum at θ = 90˚. As shown in Figure 7-7, Hc 

decreases as θ increases from 0˚ to 90˚. It suggests that H// should be decreased as 

θ increases from 0˚ to 90˚ in order to compensate the effect of H⊥. It indicates 

that H// is more sensitive than H⊥ to the applied field although H⊥ is the 

dominated field in ZnO:C nanoneedles. As the result, the observed ferromagnetic 

anisotropy in the ZnO:C nanoneedles arrays reveals that every individual ZnO:C 

nanoneedle possesses ferromagnetism. As to the ZnO:C nanoneedles array 

assembled on the substrate, dipole–dipole interaction amongst nanoneedles 

which generate the H⊥ makes the easy axis of sample perpendicular to the shape 

axis of nanoneedles. 

 

7.5 Transport properties 

Anomalous Hall effect (AHE) is an important tool for identifying intrinsic 

ferromagnetic semiconductor. The Hall resistivity (ρxy) is given by sum of the 

ordinary Hall effect and AHE term, 𝜌𝑥𝑦 = 𝑅0𝐵 + 𝑅𝑠𝜇0𝑀, where R0, B, Rs, μ0 

and M is ordinary Hall coefficient, magnetic induction, anomalous Hall 

coefficient, magnetic permeability and magnetization, respectively. Figure 7-8 

shows the magnetic field (H) dependence Hall resistivity (ρxy) of the ZnO:C 

nanoneedles (needles ①). The field was applied perpendicular to the sample’s 

surface at room temperature. At low magnetic fields ( < 1 kOe), ρxy has largely 

linear field dependence and the anomalous contribution dominates. Above 1 kOe, 

ρxy increases gradually and becomes much less field dependent, which is 

dominated by ordinary Hall resistance. The positive slope at high field regime 
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implies the charge carriers in the ZnO:C nanoneedles is p-type with its hole 

concentration of 1.9×1018/cm3. It should be noted that n-type conduction was 

observed in the undoped ZnO films. Thus, the observed p-type conduction in the 

ZnO:C nanoneedles must be associated with the carbon doping.  

In addition, by subtracting the linear normal Hall effect term yields a clear 

signature that corresponding to the AHE as shown in the inset of Figure 7-8. 

Notably, the shape of the ρxy curve is well coincidence with the room 

temperature M-H curve as shown in Figure 7-8, confirming intrinsic 

ferromagnetism in the ZnO:C nanoneedles. 

 

Figure 7-8 The magnetic field dependence of anomalous Hall resistivity (ρxy) of the ZnO:C nanoneedles 
(needles ①) measured at 300 K. The applied magnetic field is perpendicular to the sample's plane with 
constant current of 0.01 mA. The ρxy data after background subtraction is displayed in the inset. 

 

7.6 Summary 

The ZnO:C nanoneedles exhibit ferromagnetism at room temperature with the 

saturated magnetization up to 7.9 emu/cm3, and p-type conduction with hole 
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concentration of 1.9×1018/cm3. The AHE curves are quantitatively consistent 

with the M-H loops, indicating the existence of spin-polarized carriers. The 

ferromagnetic anisotropy with an easy axis perpendicular to the shape axis of the 

ZnO:C nanoneedles is observed due to the dipole–dipole magnetic interaction 

amongst nanoneedles.  

 



 Chapter Eight 

 

 

Wei Changsong                                                                                                97 

CHAPTER 8                                
Origin of ferromagnetism  

 
8.1 Introduction 

This chapter is devoted to study the origin of ferromagnetism in the ZnO:C 

system. The detailed microstructure and elemental analysis of the ZnO:C system 

were investigated using HRTEM, TEM, EELS, EDX and XANES in order to 

explore the mechanism of the ferromagnetism in the ZnO:C system.  

 

8.2 High resolution transmission electron microscopy 

High resolution transmission electron microscopy (HRTEM) images of the 

ZnO:C and ZnO thin films are shown in Figure 8-1(a)~(d). The selected area 

diffraction pattern (SADP) of the ZnO:C with the simulated SADP ring pattern 

of ZnO are shown in Figure 8-1(e). The SADP of the film is matched with the 

simulated ZnO pattern, implying the film exhibited ZnO wurtzite structure. No 

precipitates or nanocluster was observed in the film. HRTEM images show that 

the ZnO:C thin film has a large amount of complicated defects such as platelike 

defects and stacking faults. Figure 8-1(b) and (c) reveal the multiple stacking 

faults and platelike defects in ZnO:C sample respectively. These dislocations are 

probably caused by the lattice distortion induced by carbon doping and the non-

epitaxy with the SiO2/Si substrate. 
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Figure 8-1 (a)~(c) HRTEM images of the ZnO:C thin film. The stacking fault (purple arrow) and platelike 
defects (yellow arrow) are marked in the images (b) and (c), respectively. (d) HRTEM image of the as-
grown ZnO. (e) The comparison image of the SADP of ZnO:C with the simulated patterns of ZnO.  

 

8.3 Transmission electron microscopy 

Figure 8-2 shows the cross-sectional transmission electron microscopy (TEM) 

images of the ZnO:C thin films (film ①, ② and ④). TEM images show that the 
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nano-crystallined ZnO:C thin films have the columnar growth characters. The 

grain size of film ① is about 25 nm. As the C concentration increases, the grain 

size of film ② and ④ reduces to 20 nm and 10 nm, respectively.  

 

Figure 8-2 TEM images of ZnO:C thin films (a) film ①, (b) film ② and (c) film ④. 

 

The decreasing of the grain size of the ZnO:C film can be ascribed to the 

increase of the defects which were introduced by the carbon doping. As 

discussed above, carbon doping introduces stacking faults and platelike defects 

in the ZnO:C sample. It seems that these defects are relevant to the 

ferromagnetism in the ZnO:C samples.[151-154] In order to investigate the effect 

of the defects on the ferromagnetism in ZnO samples, undoped ZnO samples 

were prepared by the ion beam irradiation under the same conditions as the 

fabrication of ZnO:C samples but no carbon source. No ferromagnetism was 

observed in the samples, as shown in Figure 8-3. Therefore, the possibility of 

ferromagnetism in the ZnO:C samples originated from the structural defects 

could be excluded. 
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Figure 8-3 The magnetization hysteresis loops of the undoped ZnO samples irradiated by ion beam. 

 

8.4 Electron energy loss spectroscopy 

The typical EELS spectra of the ZnO:C thin films are shown in Figure 8-4. The 

spectra exhibit Si, Zn and O core loss spectra but no C K-edge are recorded. It 

suggests that either the C concentration is not high enough to be detected by 

EELS, or C elements are solute in the ZnO matrix. The C elements could be 

localized inhomogeneous distributed in the ZnO matrix. A high resolution 

scanning transmission electron microscope images with corresponding 

nanoprobe line scanning electron energy loss are needed to see if there is any 

correlation between C and local defects in the samples. 
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Figure 8-4 The typical EELS spectra of the ZnO:C thin films. 

 

In addition, the elemental homogeneity of the ZnO:C film was further examined 

by EDX mapping, as shown in Figure 8-5. The image from the top left of Figure 

8-5 is a regular TEM image. The others represent EDX mapping of Zn, C, and O 

elements, respectively. The arbitrary color scale is proportional to the element's 

concentration. On this particular sample, the recorded images indicate a 

homogeneous distribution of C element. No other elements are detected. Thus, 

the magnetic properties of the ZnO:C are not caused by other magnetic phases, 

but rather due to the C doping. The C K-edge energy dispersion is almost similar 

to O K-edge energy dispersion so that the C energy peak may be influenced by 
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the high intensity O energy peak.  It may be the reason why there is no distinct C 

peak found in the EELS spectrum. 

 

Figure 8-5 EDX mapping of the ZnO:C thin film. On the top left is a TEM image of the same area. 

 

8.5 X-ray absorption near-edge fine structure spectroscopy 

The detailed electronic structure of the ZnO:C thin films was investigated by X-

ray absorption near-edge fine structure spectroscopy (XANES) at oxygen (O) and 

carbon (C) K-edges. Figure 8-6 shows the normalized XANES spectra at O K-

edge of the ZnO:C thin films (film ①, ② and ④). Based on existing literatures 

and band structure calculations [155], the spectral features are assigned as 

follows: (a) the energy region between 527 and 532 eV is attributed mainly to O 
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2p hybridization with highly dispersive Zn 3d4s / C 2s2p states which form the 

bottom of the conduction band with a peak at 529 eV due to transition to non-

dispersive O 2p states and (b) the region between 533 and 550 eV is assigned to 

O 2p hybridized with Zn 4p states and above 550 eV, the spectra arise due to the 

O 2p states that extend to Zn higher orbitals. As evident from Figure 8-6, the 

preedge peak at 529 eV evolves with the carbon doping in ZnO was marked by 

an arrow in Figure 8-6 and its intensity increases with the carbon concentrations, 

suggesting a strong hybridization of O 2p orbitals with C 2p states. This preedge 

feature provides the significant information about nature of charge carriers and 

their relevance. Similar preedge features have been reported in the oxides mainly 

in manganites [155-157]. Since this feature originates with the carbon doping, it 

is ascribed to dipole transitions from O 1s to O 2p states that are hybridized with 

the unoccupied states of C 2p. Thus, the intensity of this peak represents the C 2p 

density of states. A continuous increase of this peak with the carbon doping 

indicates more unoccupied states at the C 2p levels and hence reflects the 

presence of more charge carriers, electrons or holes. Considering the energy of 

the peak’s position, Asokan et al. [156, 158-160] associated this as a 

characteristic feature of whole doped system. Present work gives an opportunity 

to see the evolution of spectral features at different concentrations. The spectral 

intensity of the peak at 537 eV decreases and a shoulder like feature at its low 

energy region increases with the carbon doping. The spectral features above 550 

eV are quite similar and nearly independent of the carbon concentrations, and are 

dominated by the contribution from multiple scattering effects. This suggests that 

C ions are incorporated in the system and responsible for changing the electronic 
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structure. 

 
Figure 8-6 The normalized XANES spectra at O K-edge of the ZnO:C thin films (film ①, ② and ④). 

 

The normalized XANES spectra at C K-edge are shown in Figure 8-7. The major 

spectral features are marked in the Figure 8-7. For X-ray energies in the XANES 

region, the excited photoelectron undergoes a transition from a core level to an 

unoccupied final state which is determined by the dipole-transition selection rule. 

The C K-edge XANES results indicate that the density of states (DOS) of both 

the unoccupied π* and σ* bands. The spectra of the ZnO:C thin films clearly 

display sharp features closely resembling those reported in earlier works.[161, 

162] The two prominent peaks near 286.3 and 293.3 eV are known to be 

associated with the unoccupied π* and σ* bands respectively.[163, 164] Each C 

atom in the lattice possesses six electrons and has two 1s electrons, three sp2 

electrons and one 2p electron. The three sp2 electrons form the three bonds in the 
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plane, leaving an unsaturated π orbital. It reveals that the intensity of the π* band 

feature of the ZnO:C increases with the increase of the carbon concentration, 

which shows that the densities of unoccupied C π* band states increase with the 

increase of the C concentration because the intensity is approximately 

proportional to the density of unoccupied states. The results of XANES spectra 

of the ZnO:C thin films at O K-edge and C K-edge indicate that the C substituted 

O induces the magnetic moments in the ZnO:C system. It is speculated that the 

substitution of C ions into O sites related to the origin of the ferromagnetism in 

ZnO:C system. 

 

Figure 8-7 The normalized XANES spectra at C K-edge of ZnO:C thin films (film ①, ② and ④). 

 

8.6 Origin of the ferromagnetism in ZnO:C 

Since ZnO and carbon are non-ferromagnetic materials, the observed room-

temperature ferromagnetism should be the intrinsic property of C-doped ZnO 

thin films. Carrier-mediated double exchange theory is often used to explain the 
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ferromagnetism in ZnO-based DMSs. Based on our experimental results and the 

band structures (see Figure 8-8) calculated by Pan et al.,[46] we propose the 

mechanism of ferromagnetic coupling in ZnO:C thin films is due to hole 

mediation.  

 

Figure 8-8 Calculated total (top panel) and local density of states for the carbon dopant and a neighboring 
Zn atom. The Fermi level is indicated by the dashed vertical line. [46] 

 

The substitution of C atoms at O sites in the ZnO lattices introduces the holes in 

O 2p states, which hybridize with the unoccupied states of C 2p localized spins 

by a p-p interaction. This p-p interaction leads to the appearance of additional 

mixed band levels derived from the semiconductor valence band. The coupling 
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impels the minority p-p mixed state upward and the opposite spin state 

downward, resulting in the lowering total energy of the system. The wave 

function of the C 2p states is spatially extended to neighboring O 2p states, and 

couple to the O 2p states. By this p-p interaction, holes mediate the spin 

alignment of parent C atoms, leading to an indirect ferromagnetic coupling of C 

atoms. Our results of Hall effect and anomalous Hall effect indicate that the 

majority carrier in the ZnO:C thin films is hole, due possibly to the existence of 

free carbon and other types of defects such as oxygen vacancy, which can 

mediate the spin alignment at finite temperature. This hole doping enhances 

ferromagnetism remarkably. All of these confirm that C substitute O site could 

be the origin of the ferromagnetism and the hole-mediation is the mechanism of 

the ferromagnetism in ZnO:C thin films. 

 

8.7 Summary 

The microstructure and element analysis of the ZnO:C were investigated. The 

doping of carbon ions leads some defects in the samples such as platelike defects 

and stacking faults. These defects are not the origin of the ferromagnetism of 

ZnO:C samples. Carbon ions substituted oxygen sites in the lattice of ZnO can 

introduce holes in O 2p states hybridizing with C 2p states by a p-p interaction. 

By this p-p interaction, holes mediate the spin alignment of parent C atoms, 

leading to an indirect ferromagnetic coupling of C atoms. This may be the origin 

of the intrinsic ferromagnetism in ZnO:C system. 
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CHAPTER 9                       
Conclusions and recommendations 

 
9.1 Conclusions 

The room temperature ferromagnetism in the ZnO:C thin films as well as 

nanoneedles have been prepared by the filtered cathodic vacuum arc (FCVA) and 

ion beam irradiation (IBI) techniques. The ZnO:C system was optimized in terms 

of their magnetic properties. 

The ZnO:C thin films exhibit the hexagonal wurtzite structure with high 

crystallinity and no impurity in the ZnO:C thin films. The magnetic domains 

randomly distributed in the ZnO:C thin film as the speckle structures. P-type 

conduction is observed in the ZnO:C thin films with their hole concentration 

about 2×1018/cm3 at room temperature. The ZnO:C thin films show the 

magnetoresistance effect with 4% MR ratio at 200 K. The anomalous Hall effect 

which is the ferromagnetic response of charge carriers in ferromagnetic 

semiconductor is observed in the ZnO:C thin films.  

The one dimensional ferromagnetic ZnO:C nanoneedles showed high 

crystallinity. The ZnO:C nanoneedles exhibited the ferromagnetism at room 

temperature with the saturated magnetization up to 7.9 emu/cm3, and AHE with 

hole concentration of 1.9×1018/cm3. The ferromagnetic anisotropy with an easy 

axis perpendicular to the shape axis of the ZnO:C nanoneedles was observed due 
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to the dipole–dipole magnetic interaction amongst nanoneedles.  

The origin of the ferromagnetism in ZnO:C system was investigated. The 

experimental results indicate the carbon atoms are doped effectively into the ZnO 

to substitute the O sites. The origin of ferromagnetism in ZnO:C thin films could 

be due to the p-p interaction of the hybridization of O 2p orbitals with C 2p states 

inducing by the substitution of C ions into O sites in the ZnO lattices. This p-p 

interaction changes the electronic structure in the ZnO:C system and leads to the 

appearance of additional mixed band levels derived from the semiconductor 

valence band. Anomalous Hall effect indicates that the majority carriers in the 

ZnO:C thin films are holes. Direct hole doping at the anion site in the ZnO:C 

system is sustaining the magnetic moment. The magnetization and p-type 

conduction in the ZnO:C system were found to be stable in ambient air for more 

than one year. 

 

9.2 Recommendations for future works 

In this thesis, realization of room temperature ferromagnetic ZnO:C thin films 

and nanostructures is crucial and could open up a broad range of technological 

applications. However, the carbon concentration in the ZnO:C system was not 

determined accurately. The relationship between the carbon concentration and 

the properties of ZnO:C system is vital to the interpretation of the mechanism of 

the ferromagnetism in ZnO:C system. The analyzing methods with higher 

sensitivity and precision should be employed for the determination of carbon 

concentration. Atomic emission spectroscopy is a method of chemical analysis 
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that quantitative measurement of the optical emission from excited atoms to 

determine the concentration of an element in a sample. The wavelength of the 

atomic spectral line gives the identity of the element while the intensity of the 

emitted light is proportional to the number of atoms of the element. The major 

advantage of the atomic emission spectroscopy is all atoms in a sample can be 

detected simultaneously since they are excited simultaneously. One atomic 

emission spectroscope with a high-resolution spectrometer can reach the 

resolutions between 0.7~1.0 amu. Auger electron spectroscopy is another useful 

characterization technique for the chemical analysis of the nanostructured 

materials and thin films. It is based on the analysis of energetic electrons emitted 

from an excited atom after a series of internal relaxation events. It could be used 

to identify element concentration and to determine the lateral composition. 

Comparing the XPS, Auger electron spectroscopy has higher sensitivity for the 

light elements of C, O and N. The excellent sensitivity of these analyzing 

techniques provides a possibility for the determination of carbon concentration as 

well as the distribution of carbon in the ZnO:C system. The high spatial 

resolution for lateral composition is conductive to the depth profile 

characterization of the dopant. The employment of these high-resolution 

characterization techniques is bound to gain a deeper understanding of the 

mechanism of ferromagnetism in ZnO:C system. 

As to the spintronics devices, electrical spin injection in semiconductors has been 

proven a difficult task over the last several years. It has been shown 

experimentally that the ferromagnetic semiconductors are good candidates for 

electrical spin injection. The p-type ZnO:C material is a dilute ferromagnetic 
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semiconductor that is compatible with spin light emitting diode (LED) 

technology, and has a Curie temperature (TC) above room temperature. Therefore, 

the research on the ZnO:C based spin-LED is an interesting direction in the 

future. The key step to achieve an applicable spin-LED is the choice of the n-

type semiconductors with the conductivity similar to the p-type ZnO:C in order 

to circumvent the conductivity mismatch.[165]  

Another aspect need to be considered is to implement a tunnel barrier in 

semiconductors due to the extremely short spin-lifetimes of hole acting as the 

spin-polarized carriers in p-type ZnO:C DMS. We can consider inserting a thin 

semiconductor layer at the interface to achieve a good tunnel contact or introduce 

an artificial tunnel barrier between the p-type and n-type semiconductors. Finally, 

using interband tunneling is possible to convert the spin-polarized holes from a 

p-type ferromagnetic semiconductor into conduction-electrons in the non-

magnetic semiconductor.[166-168] We believe that the present research could 

serve as a good foundation for the future research & development on the ZnO-

based DMS spintronics devices. 
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