
Abstract 

CHAKRABORTI, DEEPAYAN. Novel Diluted Magnetic Semiconductor Materials 
based on Zinc Oxide. (Under the direction of Professor Jagdish Narayan and Professor 
John Prater). 
 
The primary aim of this work was to develop a ZnO based diluted magnetic 

semiconductor (DMS) materials system which displays ferromagnetism above room 

temperature and to understand the origin of long-range ferromagnetic ordering in these 

systems. Recent developments in the field of spintronics (spin based electronics) have led 

to an extensive search for materials in which semiconducting properties can be integrated 

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

devices. For these devices we require a high efficiency of spin current injection at room 

temperature. Diluted magnetic semiconductors (DMS) can serve this role, but they should 

not only display room temperature ferromagnetism (RTFM) but also be capable of 

generating spin polarized carriers. Transition metal doped ZnO has proved to be a 

potential candidate as a DMS showing RTFM. The origin of ferromagnetic ordering in 

ZnO is still under debate. However, the presence of magnetic secondary phases, 

composition fluctuations and nanoclusters could also explain the observation of 

ferromagnetism in the DMS samples. This encouraged us to investigate Cu-doped(+ ½ 

spin in the 2+ valence state) ZnO system as a probable candidate exhibiting RTFM 

because neither metallic Cu nor its oxides (Cu2O or CuO) are ferromagnetic. The role of 

defects and free carriers on the ferromagnetic ordering of Cu-doped ZnO thin films was 

studied to ascertain the origin of ferromagnetism in this system.  

A novel non-equilibrium Pulsed Laser Deposition technique has been used to 

grow high quality epitaxial thin films of Cu:ZnO and (Co,Cu):ZnO on c-plane Sapphire 



by domain matching epitxay. Both the systems showed ferromagnetic ordering above 

300K but Cu ions showed a much stronger ferromagnetic ordering than Co, especially at 

low concentrations (1-2 %) of Cu where we realized near 100% polarization. But, the 

incorporation of Cu resulted in a 2-order of magnitude rise in the resistivity from 10-1 to 

101 Ohm cm which can prove to be detrimental to the injection of polarized electrons. In 

order to decrease the resistivity and to understand the role of free carriers in mediating 

the ferromagnetic ordering, the Cu-doped ZnO films were co-doped with an n-type 

dopant like Al which increased the free carriers concentration by 3 orders of magnitude 

from 1017 to 1020 cm-3 without significantly altering the near 100% spin polarization in the 

Cu:ZnO system. This lack of correlation between free carrier concentration and the 

magnetic moment implied that a free carrier mediated exchange does not stabilize the 

long range ferromagnetic ordering. A reduction in the number of oxygen vacancies 

brought about by high temperature oxygen annealing had a large degrading effect on the 

ferromagnetism by reducing the total saturation magnetization by almost an order of 

magnitude. This strong dependence of magnetization on vacancy concentration and the 

corresponding weak relationship with free carriers pointed towards a defect mediated 

mechanism, such as a bound magnetic polaron mediated exchange as being responsible 

for stabilizing the ferromagnetic ordering in these systems. However, a BMP mechanism 

would not guarantee a strong coupling between the free carriers and the localized spins to 

produce spin-polarized current. To investigate this we have fabricated spin valve type 

device structures where a nonmagnetic ZnO layer was sandwiched between two 

ferromagnetic (Cu,Al):ZnO layers allowing us to study spin polarized carrier injection 

across the nonmagnetic semiconductor gap. Initial results have shown evidence of spin 



polarized carrier injection across the nonmagnetic semiconductor layer even at 300K. 

Hence, this work demonstrates that the (Cu,Al):ZnO system may become a viable 

solution for spin injection into spintronic devices.  
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1 Chapter 1: Introduction 

The fast growing field of microelectronics and information processing has been based on 

fabricating devices out of conductors and doped semiconductors, where the charge of the 

electron is exploited. Generation to generation improvements in the performance of 

microelectronic devices is currently accomplished by shrinking the size of the elements in 

the chips.  However, this approach will soon hit a barrier due to issues related to 

fabrication of shallow channel junctions and heat management [1]. Similarly, information 

storage, the second vital piece of the microelectronic revolution, depends on magnetic 

storage devices that exploit the spin component of the electron [2,3]. Here, continued 

performance gains are bumping up against the superparamagnetic limit associated with 

nanosized features.  An alternative approach for improving the performance of future 

devices would be to make the individual components multifunctional.  The fabrication of 

devices where both of the charge and spin functionalities of the carrier were combined 

could revolutionize the technology by providing for new device designs and architectures 

that could potentially boost performance, reduce power consumption, and introduce new 

features (e.g. instantaneous boot up and data retention in the power-down state). This 

branch of electronics, which involves utilizing both the spin and charge of the electron, is 

commonly referred to as spintronics [2-4]. Therefore,  in pursuit of more efficient, higher 

performance, and lower power-consuming devices like FETs, LEDS, MRAM, etc 

research is now being conducted that is focused on the complementary use of  the charge 

and spin components of the electron as it might be applied to information storage and 

processing [4-7]. Early work has been focused on finding suitable host materials that 
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display ferromagnetic properties above room temperature, and identifying workable 

approaches to the efficient injection, transport, detection and manipulation of spin-

polarized carriers [8]. 

Since conventional semiconductors like Si and GaAs are diamagnetic and posses very 

small g-factor (a measure of the interaction strength with an applied magnetic field), it 

became necessary to search for ways to incorporate magnetic properties with 

semiconducting properties. The use of ferromagnetic metals like Fe,Ni, etc as contacts for 

injecting  spin polarized electrons into conventional semiconductors like Si and GaAs has 

been extensively studied [5,9,10]. Spin polarized carrier injection proved to be very 

inefficient in these structures due to the formation of detrimental interfacial layers and 

scattering of carriers due to impedance mismatch [11]. Therefore, research gradually 

shifted over to finding a magnetic semiconductor that could act as a source for the 

efficient injection of spin-polarized carriers into spin-based devices. Researchers turned 

to doping small amounts (limited to a few percent) of transition metals into conventional 

semiconductor materials like Si or GaAs, in an attempt to form what has now become 

referred to as a dilute magnetic semiconductor (DMS) [7,8,12,13]. Figure 1.1 shows a 

schematic of DMS material. Here, the unpaired d electrons on the transition metal dopant 

ions would give rise to a magnetic moment.  If these moments could be coupled 

ferromagnetically then a magnetically ordered DMS systems would be available that 

could be directly integrated with spin-based devices (e.g. LEDs and FETs) fabricated 

from the same host semiconductor. This was expected to greatly reduce the scattering of 
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spins at the device interface that resulted from the presence of strain, density of state 

discontinuities and lattice mismatch.  

 

Figure 1.1: Schematic showing three types of materials a)Magnetic, b) Diluted 
magnetic semiconductor and c) non magnetic semiconductor materials.[13] 

 
 

Mn-doped II-VI compounds were the most studied DMS systems in the 1970s and 

80s[14,15]. A tremendous amount of research was done on bulk II-VI semiconductors 

like CdTe,CdSe, ZnTe, etc which could be substitutionally doped with Mn to vary the 

electronic band structure and lattice constant. Interesting optical and electrical properties 

including giant Faraday rotation, magnetic field induced metal-insulator transition and 

formation of “bound magnetic polarons” were observed in these systems due to Zeeman 

splitting of levels resulting from sp-d exchange interactions between the sp band and the 

d electrons of Mn2+. However use of these materials in practical applications was limited 

owing to difficulty of doping both p-type and n-type, and presence of  predominantly 

antiferromagnetic interactions between Mn spins. The II-VI semiconductors were favored 

over III-V semiconductors because of their high solid solubility of transition metal atoms. 

But, the advent of non-equilibrium crystal growth techniques like low-temperature MBE 

and PLD allowed for the incorporation of magnetic dopants well beyond their 

equilibrium limits, expanding the potential selection of semiconductor systems.  
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The interest shifted from bulk to thin film DMS materials as any device application 

would require high quality epitaxial thin films. For the first time DMS epitaxial thin films 

were grown of Mn doped InAs by low temperature MBE [16]. Although, homogenous 

InMnAs films showed paramagnetic behavior, this work made an important contribution 

by demonstrating the ability to grow good quality thin films with a high magnetic dopant 

concentration. GaAs was also proposed to be potential candidate for DMS. This was of 

particular interest since GaAs already had wide applications including, semiconductor 

lasers, compact discs, microwaves, etc. In 1998 ferromagnetism above 100 K was 

reported in GaMnAs [13]. This led to a flurry of studies, aimed at attaining room 

temperature ferromagnetism in these systems. But, at this time the highest Curie 

temperature(Tc) achieved in this system has been 172 K [17]. The low Curie temperature 

hinders its use as practical material system for use in spintronic applications. More 

recently, wideband gap oxides and nitrides have been studied extensively for use as DMS 

materials. Transition metal doped GaN and ZnO thin films  have generated special 

interest since high temperature ferromagnetism with Tc > room temperature has already 

been reported in these systems [18,19]. ZnO has aroused the most interest due to its 

attractive optical, electrical and piezoelectric properties [20]. The high solubility of the 

various 3d transition elements in ZnO adds further to its advantage over the III-V 

semiconductors as higher concentrations of magnetic dopants can be introduced without 

precipitating as secondary phases or metallic nanoclusters [21, 22]. 

Although room temperature ferromagnetism has been achieved in transition metal doped 

ZnO, there exist a number of contradictory reports about the magnetic behavior of these 
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films. This mainly stems from the effect of growth conditions and technique on the 

ferromagnetic ordering of spins. Therefore, it was realized that in order to achieve room 

temperature ferromagnetism in ZnO based DMS, it was also important to understand the 

primary mechanism governing the ferromagnetic ordering in these systems. A proper 

understanding of the origin of any phenomenon is essential in order to achieve desired 

properties for use in device applications. The origin of ferromagnetic ordering in ZnO is 

still under debate. Both the carrier(electron) mediated exchange mechanism [19] and a 

defect mediated mechanism like Bound Magnetic Polaron model(BMP) [23] have been 

put forth as possible mechanisms responsible for the magnetic ordering. However, the 

presence of magnetic secondary phases or nanoclusters has also been forwarded to 

explain the observation of ferromagnetism in the DMS samples [24].  

Finally, the main goal of developing a DMS materials system showing ferromagnetism 

above room temperature is to directly incorporate them into spintronic based devices. The 

main requirement for making such devices is efficient injection, transport,detection and 

manipulation of spin-polarized carriers in semiconductors at room temperature [5]. 

In this dissertation, the growth and properties of Cu-doped ZnO based DMS films are 

studied  in great detail. The reason behind selecting Cu as a magnetic dopant are two fold 

: a) Cu when existing in +2 state will have an electronic configuration of 3d9 . Hence, it 

will have one unpaired electron and thus can potentially provide localized 3d spins for 

long range ferromagnetic ordering. b) The fact that neither metallic Cu, nor its oxides 

(CuO or Cu2O) are ferromagnetic [25], which rules out the possibility of ferromagnetic 

signal generating in this system due to the presence of magnetic secondary phases or 
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nanoclusters. The effect of co-doping with different transition metals into ZnO has also 

been studied by co-doping ZnO with Cu and Co. This exercise was not only useful in 

determining the effect of co-doping on the ferromagnetic coupling between respective 

dopants, but also provides an indication about the relative strengths of magnetic coupling 

in different dopants. Of special scientific interest has been the determination of the origin 

of the ferromagnetic ordering of the localized 3d spins. Additionally, Al was doped into 

Cu:ZnO thin films to introduce free carriers (electrons). Detailed characterization and 

property measurement of this system not only led to an improvement of the electrical 

properties (essential for efficient spin-injection) but also provided great insight on the 

role played by free carriers in mediating the ferromagnetic ordering. Thorough annealing 

experiments in oxygen ambient were done followed by detailed characterization to 

understand the role of native defects (particularly oxygen vacancies) in stabilizing the 

ferromagnetic ordering. Finally, to determine the applicability of the Cu-doped ZnO 

DMS system in spintronic applications, fabrication of spin-valve type device structures to 

characterize the injection of spin polarized electrons into semiconductors using this 

material system has been explored.  The following chapters discuss in detail these 

experimental results and their implication on the status of the field of DMS for spintronic 

applications. 
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2 Chapter 2: General introduction to diluted magnetic 

semiconductors 

The earliest reports in the field of DMS date back to the 1960s. Extensive research was 

done on Eu- and Cr-based chalcogenides (e.g EuSe, EuS,  EuO, CdCr2Se4, and CdCr2S4). 

[1- 5].  However, these systems proved to be very difficult to grow and possessed very 

low Curie temperatures, thereby limiting their practical applications. Studies on the broad 

class of II-VI compounds continued into the 1970s and 80s [6-12]. It was found that 

materials systems like CdTe, CdSe, HgTe, ZnSe, ZnTe, etc could be substitutionally 

doped with Mn to vary the electronic band structure and lattice constant, both 

characteristics of substitutional Mn atoms in a AIIBVI lattice. Highly efficient 

electroluminescence was achieved making them attractive for flat panel display 

applications [13]. In addition, the Zeeman splitting of electronic levels that resulted from 

the sp-d exchange interactions between the sp band and the d elelctrons of Mn2+ led to 

interesting optical and electrical behavior including giant Faraday rotation, magnetic field 

induced metal-insulator transition and formation of “bound magnetic polarons”. 

However, except for the development of optical isolators the studies found few 

applications because the magnetic interactions between Mn spins in these DMS systems 

were predominantly antiferromagnetic, which resulted in paramagnetic, 

antiferromagnetic or spin glass behavior[14]. Difficulty in doping these II-VI DMS to 

obtain both p-type or n-type behavior was also experienced [15].  It should be noted that 

most of this research was conducted on bulk materials. The II-VI semiconductors were 
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favored because of their high solid solubility of transition metal atoms. In comparison the 

equilibrium solid solubility of these dopants in the III-V semiconductors is very low, 

hindering the incorporation of higher concentrations of magnetic dopants. However, the 

onset of non-equilibrium crystal growth techniques like low temperature MBE and PLD 

allowed for the incorporation of magnetic dopants well beyond their equilibrium limits, 

expanding the potential selection of semiconductor systems.  

The first report of a thin film DMS was by Munekata et al. in 1989[16].  They studied Mn 

doped InAs films grown by low temperature MBE in the temperature range of 200-300 

0C. These films had n-type conductivity. Films grown at 200 0C were homogenous and 

were found to be paramagnetic, while films grown at 300 0C showed ferromagnetic 

behavior.  However, the ferromagnetism was attributed to the presence of MnAs 

nanoclusters. Despite of the fact that the homogenous InMnAs films showed 

paramagnetic behavior, this work made an important contribution by demonstrating the 

possibility of growing good quality thin films containing high magnetic dopant 

concentrations. In 1992 Ohno et al. conducted magneto-transport studies on p-type 

InMnAs thin films epitaxially grown by low temperature MBE [17]. This was the first 

time that intrinsic ferromagnetism was observed in a III-V based DMS, albeit the 

ferromagnetic ordering existed only below 7.5 K. In 1996 Ohno et al.[18] reported for the 

first time the growth of GaMnAs DMS thin films. This was of particular interest since 

GaAs was a well studied system that was widely used for optoelectronic applications. 

Thus, ferromagnetism in GaAs would be very useful in making a functional material 

system for spintronic applications. The Curie temperature was found to be ~ 60 K for a 
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Mn concentration of 5%.   Then in 1998 Ohno reported ferromagnetism above 100 K in 

p-type GaMnAs[19]. This led to a surge of studies attempting to push the Curie 

temperature up to above room temperature.  Unfortunately, to date, the highest reported 

value of Tc for Mn doped GaAs is 172 K by Nazmul et al. [20]. Despite the advantages of 

having good control over the growth and the magnetic properties of the III-As system, the 

low Curie temperature hinders its use as practical material system for use in spintronic 

applications. Thus, the search for other host semiconductor systems that would have 

ferromagnetism at temperatures above room temperature continued. 

A major advance in this search was achieved with the theoretical work of Dietl et al. [21]. 

They used the Zener model [22-24] of ferromagnetism to predict Curie temperatures for 

TM doping of some widely used wide band gap semiconductors. Figure 2.1 shows 

calculated Tc values for different semiconductors. The most promising are found to be 

GaN and ZnO doped with 5% Mn, which showed Tc above 300 K. A critical requirement 

assumed by the theory was the need for a very high hole concentration (3.5x1020 cm-3). 

Dietl predicted that hole mediation was necessary to achieve the long range 

ferromagnetic exchange between the dopant ion spins that was needed to achieve room 

temperature ferromagnetism. This work stimulated a series of experimental research 

efforts in search of room temperature ferromagnetism in wide band gap semiconductors, 

including extensive studies on GaN and ZnO. Subsequently ferromagnetic ordering 

above room temperature has been achieved in many of these systems. 
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Figure 2.1: Predicted Curie Temperatures of Mn-doped Wide Band gap 

Semiconductors [21] 
 

The first observation of room temperature ferromagnetism was reported by Reed et 

al.[25] in GaMnN thin films grown by metalorganic chemical vapor deposition 

(MOCVD) on (0001) sapphire substrates.  Soon thereafter, Ueda et al.[26] examined the 

n-type Zn1-xMxO(x=0.05-0.25) system (M= Co, Mn, Cr and Ni) grown by pulsed laser 

deposition (PLD), and reported that only the Co-doped films displayed ferromagnetism 

above room temperature. They found that very high carrier (electron) concentrations of 

1020 cm-3 were required.  However, the reproducibility of these films was reported to be 

very poor (only 10%).  Subsequent ab-initio studies predicted that n-type ZnO doped with 

most transition metals (Co, Fe, Cr and Ni), should be ferromagnetic, but predicted that 

holes would be required to mediate ferromagnetic exchange in Mn-doped ZnO[27,28]. 

The presence of room temperature ferromagnetism in ZnO (both predicted and 

experimental reports) clearly extended the search beyond Dietl’s original Zener mean 
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field model prediction, and suggested that a high concentration of holes was an absolute 

requirement for mediating ferromagnetic order above room temperature in the wide 

bandgap systems. Dietl’s model [21] explained the onset of ferromagnetism in the Mn 

doped III-As systems extremely well. Here Mn acts as an acceptor and the 

ferromagnetism is driven by an exchange interaction between valence band holes and 

localized spins of Mn ions. But in case of wide band gap semiconductors like GaN  and 

ZnO where p-type doping of the order mentioned in Dietl’s prediction (1020 cm-3) is 

difficult to achieve, it is clear that strong ferromagnetic ordering cannot be due to 

exchange interaction with holes. In fact, this appears to be the case for most of the reports 

on ferromagnetism in wide band gap oxide systems. ZnO, TiO2 and SnO2-based DMS are 

all n-type materials [19,29,30]. Initial studies suggested a free carrier mediated 

mechanism to be responsible for ferromagnetic order in DMS [26-28]. But some recent 

reports have observed ferromagnetism in systems that have relatively low carrier 

concentrations [31,32].  Here it appears that intrinsic defects like oxygen vacancies are 

playing a very important role in stabilizing ferromagnetic order in these systems [33-35]. 

In some cases, the presence of secondary phases or nanoclusters of magnetic phases in 

the host system could also explain the observed ferromagnetic signal [36]. But, in either 

case, it remains to be determined whether there exists any degree of coupling between the 

itinerant carriers and the localized magnetic spins. Such a coupling must exist if these are 

to be used as an efficient spin injector i.e. the ferromagnetism needs to be strongly 

polarizing the itinerant carriers if efficient spin injection is to be realized. 
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For a DMS material to be useful in spintronics applications it is necessary that the 

ferromagnetic behavior should be an inherent property of the whole volume of the DMS 

and not due to the presence of ferromagnetic nanoclusters irrespective of whether they 

occur due to the presence of impurities during growth, precipitation of magnetic 

secondary phases or nanoclusters or spinodal decomposition leading to formation of nano 

regions rich in the magnetic dopant. Even though they might show high temperature 

ferromagnetic ordering, this would have very weak influence on the bulk properties of the 

DMS such as magnetoresistance, magnetooptical characteristics and anomalous Hall 

effect. It is also necessary that the ferromagnetic ordering in these DMSs should exist at 

temperature much higher than 300 K so that they can be used for injection of spin 

polarized carriers at practical temperatures. The fabrication technology of these 

ferromagnetic semiconductors should be robust and the characteristics should be 

reproducible to a large extent. This is necessary because the literature is fraught with 

reports showing different magnetic characteristics for the same material system that 

appear to depend on the growth condition. For a DMS to be used in large scale 

commercial production of spintronic devices, they should not show large variation in 

behavior with small changes in fabrication conditions. Also necessary is the ability to 

grow these DMS thin films epitaxially on common substrates so that they can be easily 

integrated with commonly used semiconductors in microelectronic devices such as Si, 

GaAs,etc. Based on these requirements the challenges that are faced by existing 

ferromagnetic DMSs can be summarized as follows [37]: 
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i. Low solubility of transition metals in the semiconductor host – The excess 

concentration may lead to formation of magnetic nanoclusters which are 

responsible for the ferromagnetic signal in these materials 

ii. Low temperature of Ferromagnetic ordering - For practical applications it is very 

important that the long range ferromagnetic ordering in these systems be retained 

at  temperatures higher than room temperature. 

iii. Reproducibility of results - For commercial applications, it is very important that 

we have high a degree of reproducibility of properties of the materials and that 

they should not vary drastically with small changes in growth parameters. To 

have a better control over the magnetic properties of DMS material systems, it is 

necessary that there should be a clear understanding of the origin of 

ferromagnetism in these material systems. There still exists a debate over the 

mechanism governing long range ferromagnetic order in the DMSs  

iv. Fabrication of high quality thin films - To be integrated with currently existing 

semiconductor technology it is essential that high quality single crystal thin films 

of the DMSs can be grown epitaxially on common substrates such as sapphire and 

silicon. 

In the following sections we will briefly discuss about the transition metal doped ZnO 

based DMS systems. Special emphasis will be on Mn, Co and Cu–doped ZnO. 

Subsequently a few mechanisms that are operative in these DMS material systems will be 

reviewed. And finally, some potential device applications will also be discussed. 
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2.1 ZnO based diluted magnetic semiconductors 

Attractive optical and electrical properties of ZnO coupled with Dietl’s prediction that p-

type Zn(Mn)O would be ferromagnetic at room temperature, made it a prospective 

candidate for spintronic applications [21]. The high solubility of the various 3d transition 

elements in ZnO adds further to its advantage over the III-V semiconductors as higher 

concentrations of magnetic dopants can be introduced without precipitating them out into 

secondary phases or metallic nanoclusters[38,39]. According to Dietl’s prediction the 

Curie temperature of Mn doped p-type wide band gap semiconductors should be a 

function of both hole density and concentration of magnetic dopants. Thus high values of 

hole density and magnetic dopant concentraton are necessary to obtain a high Tc. While 

n-type ZnO with high carrier concentrations has been realized, p-type doping has been 

difficult to achieve [40]. Hence, according to Dietl’s predictions it would be difficult to 

achieve high temperature ferromagnetism in Mn doped ZnO since high hole density is 

not achieved by p-type doping. Ab initio calculations based on local density 

approximations by Sato and Katayama-Yoshida also predicted that hole mediation is 

necessary for ferromagnetic ordering in Mn doped ZnO[27]. However for ZnO doped 

with other transition metals like V, Cr, Fe, Co and Ni, ferromagnetic ordering was 

predicted without any additional carriers[27]. Figure 2.2 shows the stability of the 

ferromagnetic state in Mn-, Fe-, Co- and Ni-doped ZnO-based DMSs as a function of 

carrier concentration.  
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Figure 2.2: Stability of the ferromagnetic state in (a) Mn-, (b) Fe-, (c) Co- and (d) 
Ni-doped ZnO-based DMSs as a function of carrier concentration. A positive energy 

difference indicates that the ferromagnetic state is energetically more stable than 
the spin glass state [28] 

 
The same authors predicted (using calculations by KKR method in coherent-potential 

approximation) that ferromagnetic ordering in Fe, Co and Ni doped ZnO is stabilized by 

introduction of additional electrons[28]. These calculations suggest that hole mediation is 

not necessary for achieving high temperature ferromagnetic ordering in transition metal 

doped ZnO and that electrons can mediate long-range ferromagnetic ordering of the 

localized spins on the magnetic ions. Thus, ZnO doped with various transition metals 

were identified to be promising candidates for showing high temperature ferromagnetism. 

Following these theoretical studies several groups fabricated ZnO thin films doped with 
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almost all the 3d transition elements by variou growth techniques. However, there exists 

a great deal of controversy about the origin of ferromagnetism in these systems. Also, 

depending on growth parameters the same material system has been reported to display 

ferromagnetic, paramagnetic or spin glass behavior by different groups. The possibility of 

precipitation of the transition metal dopants into a secondary phase or metallic 

nanoclusters cannot be ruled out, which might also explain the observed ferromagnetism 

in these films. Owing to the fact that the first theoretical prediction about room 

temperature ferromagnetism in ZnO was for the Mn doped system, this remains one of 

the most widely studied system. Also the solubility of Mn in ZnO is larger than 10 mol% 

and the effective electron mass is ~ 0.3 me (me is free electron mass)[41]. Thus the 

number of injected spins and carriers in Mn-doped ZnO films can be large making it ideal 

for fabrication spintronic devices.  

Another system that has caught the attention of researchers and has been widely studied 

is the Co-doped ZnO system. A similar ionic radius of Co++ and Zn++ in the tetrahedral 

field leads to a high solubility of the Co ions into ZnO [20,22]. And when compared to 

the Mn-doped system, reports of high temperature ferromagnetism in the Co-doped 

system are more prevalent and reproducible. Recently the Cu-doped ZnO system has 

attracted the attention of the DMS community. Although atomic Cu has a filled 3d shell, 

Cu2+(3d9) has +½  spin and therefore is a potential magnetic ion. In addition, metallic Cu 

and its oxides (CuO and Cu2O) are non ferromagnetic [42], which removes any 

possibility of the ferromagnetic signal from the Cu:ZnO films arising due to magnetic 

nanoclusters and secondary phases and as such the system should give unambiguous 
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results. In the following section, we review some of the previous experimental results on 

ZnO-based DMS doped with Mn, Co and Cu. 

2.1.1 Mn doped ZnO 

Fukumura et al.[43] studied the growth of epitaxial thin films of Mn-doped ZnO by 

pulsed laser deposition technique and found that the  solubility of Mn in ZnO far exceeds 

the equilibrium value (~ 13%) reaching as high as 35% without changing the wurtzite 

structure of ZnO. The ability to incorporate higher concentrations of magnetic dopant 

into the ZnO matrix should lead to higher Curie temperatures in these systems as 

proposed by Dietl. With the increase in Mn content an increase in lattice constants (both a 

and c) was observed. In a later study, the authors carried out magnetization measurements 

for a Zn0.64Mn0.36O thin film grown by PLD [44]. The temperature dependent FC and 

ZFC measurements showed a spin-glass behavior having Tf = ~ 13 K with large negative 

Curie-Weiss temperature suggesting a strong antiferromagnetic exchange coupling 

existing in the system. The small effective Mn content (x=0.021) that is connected with 

the net magnetization compared to the fully saturated magnetization of the Mn2+ spin also 

suggested a strong antiferromagnetic exchange coupling. Jung et al.[45] reported 

ferromagnetism at low temperatures in Zn1-xMnxO(x=0.1 and 0.3) thin films grown on 

(0001)Al2O3 by laser MBE. The Tc obtained from magnetization measurements was 30K 

for x=0.1 and 45K for x=0.3. Tiwari et al.[46] reported absence of ferromagnetism in 

their high quality epitaxial Zn1-xMnxO films grown on (0001) sapphire by pulsed laser 

deposition that had Mn content as high as 36%. Han et al.[47] observed ferromagnetic 

transition at 30K in their polycrystalline bulk Mn-doped ZnO samples, but it was 
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attributed to the presence of a secondary phase of (Mn,Zn)Mn2O4. In all these studies the 

ZnO material was n-type. The absence of ferromagnetism or ferromagnetic ordering at 

low temperatures appeared to agree with the theoretical predictions that high temperature 

ferromagnetism in Mn-doped ZnO is possible only in  p-type material with high free 

carrier (hole) concentrations. 

Sharma et al.[48] were the first to report ferromagnetism above room temperature (Tc > 

420 K) in Zn1-xMnxO (x<0.04) in different forms, ie bulk pellets, thin films and powder 

form. The unique aspect of their sample preparation was the low temperature processing 

< 700 0C to avoid the clustering and formation of secondary phases. While theoretical 

predictions and experimental studies reported only low temperature ferromagnetism in n-

type Mn-doped ZnO and recommended hole mediation to stabilize ferromagnetic 

ordering in Mn-doped ZnO, Norton et al. reported ferromagnetism in Mn-implanted n-

type ZnO codoped with Sn to show Curie Temperature(Tc) ~ 250 K[49]. Sn having a +4 

valence state was expected to act as a doubly ionized donor. But there were still 

speculations on whether a secondary phase like Mn3O4 with a Curie temperature of  42 K 

might be responsible for the ferromagnetic behavior. More recent studies by 

Ramachandran et al. [50] and Hou et al.[51] have reported room temperature 

ferromagnetism in n-type Mn-doped ZnO. Presence of any secondary phases was ruled 

out by HRTEM by Ramachandran et al. Both groups reported effective magnetic 

moments much smaller than the theoretical value for free Mn2+ ion which was due to a 

competition between ferromagnetic and antiferromagnetic interactions. Quenching of 

magnetic moments upon annealing these films in various oxidizing environments 
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suggested an important role played by defects such as oxygen vacancies and Zn 

interstitials in mediating ferromagnetic ordering. 

2.1.2 Co doped ZnO 

Early theoretical studies predicted the existence of ferromagnetic ordering in Co-doped 

ZnO which was attributed to the free carrier (electrons) mediated exchange either by a 

double exchange interaction [27] or RKKY interactions [52]. Ueda et al.[26] were the 

first to report room temperature ferromagnetism in Co-doped ZnO in their study of  n-

type Zn1-xTmxO (Tm = Co,Mn,Cr,Ni: x= 0.05-0.25) films grown on sapphire substrate by 

PLD. Some of the Co-doped samples having very high carrier concentrations (> 1020cm-

3) showed ferromagnetism above room temperature. But the Mn, Cr and Ni doped 

samples did not show any ferromagnetism. A free carrier mediated ferromagnetic 

exchange was supposed to be responsible for the room-temperature ferromagnetism 

observed. But the reproducibility of results was very low (<10%) and magnetic circular 

dichroism (MCD) measurements suggested magnetic nanoclusters of Co metal in the 

ZnO matrix might be responsible for the ferromagnetic moment[53]. Following this work 

a number of experimental studies were carried out to investigate the magnetic properties 

of Co-doped ZnO. Some reported above room temperature ferromagnetism in samples 

where Co substituted for Zn in the ZnO matrix. But there were also studies which 

reported either the absence of ferromagnetism or attributed the observed ferromagnetism 

to the presence of magnetic clusters.  

Kim et al.[54] found that the Zn0.75Co0.25O thin films which were grown at lower 

temperatures (≤ 600 0C) were homogenous and showed paramagnetic behavior. Films 
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grown at higher temperatures showed ferromagnetism but it was attributed to the 

presence of secondary phases like CoO and Co. Norton et al.[24] and Park et al.[55] also 

found evidence of metallic Co nanoclusters in their films that showed ferromagnetism. 

But contrary to this, Lee et al.[56] reported high temperature ferromagnetism in Zn1-

xCoxO films with Tc>350 K with secondary phases detected only for x>0.25. An 

observed increase in resistance by two order of magnitude with the introduction of Co  

suggested that deep impurity levels due to Co ions would trap electrons emitted by native 

shallow donor defects like oxygen vacancies and zinc interstitials, which would not only 

reduce concentration of free carriers but enhance ferromagnetic spin-spin interaction 

between Co atoms. Rapid thermal annealing of Zn1-x(Co0.5Fe0.5)xO films grown by 

reactive magnetron co-sputtering by Cho et al.[57] showed enhancement in spontaneous 

magnetization as well as enhancement in electron concentration suggesting a free carrier 

mediated mechanism to be responsible for the ferromagnetic ordering. But studies 

involving n-type doping of Co-doped ZnO carried out in order to realize free carrier 

mediated ferromagnetism have not been conclusive about the mechanism[58,59]. Reports 

by Ramachandran et al. [49,112] and Hsu et al.[35] et al have found direct correlation of 

concentration of native defects like oxygen vacancy with the magnetic properties of Co 

doped ZnO suggesting a BMP model to be responsible for the ferromagnetic ordering. 

2.1.3 Cu doped ZnO 

Initial theoretical studies involving ab initio calculations by local density approximations 

by Sato and Katayama-Yoshida [27] found that ZnO doped with 25% Cu would be non-

magnetic. But some of the later works reported ferromagnetic ground states for lower 
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doping levels (6.25% and 3.125%) of Cu in ZnO [61,62]. The difference was found to 

arise from the variation in separation between Cu dopant atoms. At higher Cu content the 

probability of 2 Cu ions occupying nearest neighbor positions would be very high which 

would lead to antiferromagnetic coupling between them. Ye et al[63] in their calculations 

predicted Cu-doped ZnO to be a half metallic diluted magnetic semiconductor displaying 

100% spin polarization of carriers. Encouraged by these theoretical studies a number of 

experimental studies were carried out to investigate room temperature ferromagnetism in 

Cu-doped ZnO. 

Lee et al.[64] observed ferromagnetic behavior in Cu-doped ZnO in powder form but the 

thin film samples did not show any magnetic signal due to their small volumes. Buchholz 

et al.[42] et al. reported ferromagnetism in Cu-doped ZnO (Cu : 1–16%) thin films for the 

first time where they reported that films grown by PLD under conditions producing n-

type ZnO were nonmagnetic and those grown under conditions favoring p-type ZnO 

showed ferromagnetism with Tc ≥ 390 K. A decrease in c-lattice constant calculated from 

XRD measurements with an increasing Cu content confirmed direct substitution of Zn by 

the Cu. The effective moment per Cu atom was 0.4 μB/Cu atom for the 1% Cu sample, 

which then decreased with increasing Cu content suggesting increasing antiferromagnetic 

coupling as predicted by earlier theoretical studies. Room temperature ferromagnetism in 

insulating ZnO:Cu thin films reported by Herng et al.[32] suggested carrier-mediated 

exchange unlikely to be responsible for the ferromagnetic ordering in this system. These 

films showed a saturation magnetization of 0.037 μB/Cu atom which was an order of 

magnitude less than the values reported by Bucholz et al. A later study by Herng 
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involving annealing in vacuum resulted in reduction of magnetic moment [65]. A BMP 

model based on ferromagnetic coupling mediated by electron trapped by Zni was 

proposed to be responsible for the ferromagnetic ordering in these films.  

Room temperature ferromagnetism was reported in n-type Cu-doped ZnO thin films 

grown by direct current reactive magnetron sputtering by Hou et al.[66] where nitrogen 

doping not only caused reduction in carrier concentration to the order of 1016 cm-3 but 

also led to a reduction in magnetic moment and drop in Tc from 350 K to 320 K. Hence, 

itinerant electrons were presumed to be responsible in mediating ferromagnetic ordering 

in these films. Soft x-ray absorption spectroscopy (XAS) and magneto circular dichroism 

(MCD) studies by Keavney et al.[67] on Cu-doped ZnO thin films showing 

ferromagnetic behavior at room temperature raised questions about the presence of spins 

in this system, as the MCD signal originating from the Cu3d states of the Cu ions 

substituting for Zn was paramagnetic in nature and therefore could not be responsible for 

ferromagnetism in these films. 

The main reason for the varying reports about ferromagnetism in these films is the 

difference in growth conditions which appears to have a strong effect on both the 

randomness of substitution of dopants in the matrix and the concentration of native 

defects. Especially with recent reports indicating that native defects like oxygen 

vacancies or zinc interstitials play an important role in mediating ferromagnetism, a 

better understanding of defects complex formation that might involve 3d spins is 

warranted. This will require detailed characterization of the microstructure, the local 

environment of dopants and oxidation states. Thus, a complete understanding of the 
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origin of ferromagnetism in 3d transition metal doped ZnO is far from achieved. In the 

next section we look at some possible exchange mechanisms that might be playing an 

important role in defining the ferromagnetic behavior of these materials. 

2.2 Mechanism operative in DMS materials 

In spite of the experimental success achieved in realizing ferromagnetism above room 

temperature in a number of ZnO DMS systems, a fundamental understanding of the 

origin of ferromagnetism is still far from clear. There exist some theoretical models 

which have sought to explain the observed ferromagnetism in these systems. We briefly 

discuss a few important exchange mechanisms: 

a) Carrier–induced interaction and RKKY exchange: A free carrier induced interaction 

called RKKY exchange, proposed simultaneously by Rudderman, Kittel, Kasuya and 

Yoshida,[68-70] can explain ferromagnetic exchange between spins in n-type doped 

materials. This mechanism is based on coupling of localized d-spins of the magnetic ions 

by means of an interaction through the conduction electrons. Of special interest here is 

the Zener mean field theory proposed by Dietl [71] which is based on the original Zener 

theory and the RKKY interaction. There are three possible types of magnetic interactions: 

i. Direct exchange between d-shells of the neighboring atoms, resulting in the 

following energy term :        

 Edirect = ½ α Sd1.Sd2 ……………………(2.1) 

Where, Sd is the net moment on each ion and α is always positive, but its 

magnitude is proportional to the wave function overlap. 
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ii. Exchange due to coupling between the conduction electrons and the inner d 

electrons. The energy resulting due to this interaction is given by :  

 E = -βSd.Sc  ……………………………(2.2) 

where, Sc is the net magnetization of the conduction electrons and β is always 

positive. 

iii. The last coupling energy is due to the Fermi kinetic energy of the electrons. This 

is given by :         

 Ekinetic = ½ γ Sc
2 …………………(2.3) 

where, γ = 2ε / 3 n, and ε is the kinetic energy at the top of the Fermi distribution 

and n is the number of conduction electron per atom. 

 

The conditions for ferromagnetic and antiferromagnetic behavior are as follows : 

β2 > α γ → Ferromagnetism ………………………………(2.4) 

and 

β2 < α γ → Antiferromagnetism ………………………(2.5) 

The ferromagnetism will be achieved in all systems for which (2.4) is satisfied, i.e. where 

the neighboring incomplete d shells are sufficiently separated from each other such that 

the indirect ferromagnetic coupling mediated by the conduction electrons dominate over 

the direct antiferromagnetic coupling. The 2nd term is of most importance and forms the 

bulk of the interaction in the RKKY mechanism. This term envisages an indirect 

exchange coupling of atomic magnetic moments by conduction electrons. This 

interaction is characterized by a coupling coefficient, J, given by : 
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J(Ri-Rj) = 9π(J0
2/EF)F(2kF│Ri-Rj│) ………………….(2.6) 

where, kF is the radius of the conduction electron Fermi surface, Rs is the lattice position 

of the point moment, EF is the Fermi energy and 

F (x) = 4

sincos
x

xxx −   ………………………………(2.7) 

The RKKY exchange integral, J, oscillates from positive to negative values. Hence 

depending upon the separation between two ions, their moments are coupled either 

ferromagnetically or antiferromagnetically. 

b) Double – Exchange interaction: The double-exchange mechanism is a theory that 

predicts the relative ease with which an electron may be exchanged between two species. 

Hopping of the electron over the d states is facilitated if the electrons do not have to 

change spin direction in order to accommodate the Hund’s rules. The ferromagnetic 

ordering is driven by the associated lowering of the electron energy resulting from the 

widening of the conduction band. In such systems spin ordering is always accompanied 

by a large increase in conductivity which leads to effects like colossal magneto 

resistance[72]. This mechanism is typically present in mixed valence manganites like 

(La,Sr)MnO3 , where hopping of the electron between the Mn3+ and Mn4+ levels stabilizes 

the ferromagnetic state. Although Sato and Katayama –Yoshida in their theoretical study 

of ferromagnetism in transition metal doped ZnO suggested that the origin of 

ferromagnetism in DMSs was the double exchange mechanism [27] based on Akai’s 

work  [73], However, this is not believed to be the case for two main reasons. Firstly this 

is a nearest neighbor interaction and would rule out long-range ferromagnetic ordering 
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that is essential for high temperature ferromagnetism. Secondly there is no evidence of 

mixed valency commonly occurring in DMSs. 

c) Superexchange interaction: Superexchange is the magnetic coupling of nearest 

neighbor cations via an intermediary non magnetic anion (for e.g O2- in case of 

oxides)[74]. Due to the sp-d exchange interaction, electrons from the negative anion are 

donated to the vacant d orbitals of the magnetic ion. These electrons couple with the 

localized spins of the magnetic ions leading to an antiferomagnetic interaction between 

the spins of neighboring magnetic ions. Since the Superexchange is predominantly 

antiferromagnetic and short ranged, it also cannot account for the long range 

ferromagnetic ordering seen in transition metal doped DMSs. But as the dopant 

concentration approaches the percolation threshold associated with nearest neighbor 

cation coupling, antiferromagnetic coupling between nearest neighbor cations does start 

occurring and this reduces the average magnetic moment per dopant ion. 

d) Bound Magnetic Polaron (BMP) model: Recent reports of high temperature 

ferromagnetism in low carrier density systems suggest that the mechanism for long-range 

ferromagnetic ordering cannot be explained just by the mediation through free carriers. 

Also the presence of long-range ferromagnetic ordering at very low magnetic ion 

concentrations cannot be explained by short-ranged exchange interactions like double 

exchange or super exchange. A defect mediated mechanism like bound magnetic polaron 

exchange model can explain the long-range ferromagnetic ordering in such systems. 

BMPs are formed due to the interaction of vacancies with weakly bound carriers that take 

on extended orbits. The ferromagnetism is mediated by shallow donor electrons 
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becoming associated with defects like oxygen vacancies to form bound magnetic 

polarons, which overlap to create a spin-split band [75-77]. The electrons associated with 

the defects occupy an extended orbital with radius of the order εa0 and undergo exchange 

coupling with localized spins of cations within the radius of its orbit. The spatial extent of 

the BMPs increases with decreasing temperature. As the polarons begin to overlap 

spatially the different magnetic domains start interacting forming correlated polarons and 

we get long range ferromagnetic ordering as the size of this correlated polaron 

approaches to that of the sample. This model can explain long-range ferromagnetic 

ordering in low carrier density systems that is characteristic of many of the electronic 

oxides. The direct exchange interaction between the cation and the donor electron is 

ferromagnetic when the 3d shell is less than half full and antiferromagnetic when it is half 

full or more. But for both cases the effective coupling between two transition metal ions 

of the same shell configuration that are located within the orbital of the donor electron is 

ferromagnetic. The BMP model is applicable for both n- and p- type host systems. A 

similar model was proposed by Coey et al.[33] where an F center exchange interaction 

which involves an electron trapped in an oxygen vacancy occupying an extended orbital 

leads to ferromagnetic coupling between transition metal ions lying within this orbital. 

Due to the presence of native defects like oxygen vacancies and zinc interstitials in ZnO 

thin films grown under high vacuum, a defect related entity like BMP is very likely to be 

present here. This mechanism and its role in mediating ferromagnetic order in ZnO based 

DMS will be discussed in greater detail later. 
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2.3 Potential device applications 

Achievement of high temperature Tc in ZnO based DMS systems will facilitate the 

development of multifunctional spintronic devices where the electron spin, along with the 

charge, can be exploited to both process and store information. The low flipping energy 

of a spin compared to charge allows it to be easily manipulated by application of external 

magnetic fields. A longer coherence or relaxation time, on the order of nanoseconds 

compared to femtoseconds for charge of the electrons, allows the spin to persist much 

longer than the charge of the electrons, which are destroyed by scattering or 

recombination [78]. Thus combining spin functionality of the electron along with its 

charge in devices will not only add multifunctionality to the microelectronic devices, but 

would make the new generation devices much smaller, faster, less power consuming and 

more robust than the existing devices. But in order to have practical device applications 

utilizing the spin of electrons it is necessary to have efficient injection, transfer and 

detection of spin across a semiconductor at room temperature. Injection of spin polarized 

carriers across a ferromagnetic metal-semiconductor interface has been found to yield 

very low injection efficiencies due to scattering due to defects and resistance mismatch 

across the interface. Hence achievement of ferromagnetism in a diluted magnetic 

semiconductor holds much promise for efficient spin injection into semiconductors for 

use in spintronic devices. We discuss some possible spintronic device applications 



 31

2.3.1 Magnetic memory devices 

The first spintronic device application of economic impact came into being following the 

discovery of the “Giant Magneto Resistance” (GMR) effect[79]. When the magnetic 

moments of the two ferromagnetic layers separated by a non-ferromagnetic layer are 

aligned in the same direction, the resistance across the stack is low, when aligned in 

opposite directions the resistance is high due to interfacial scattering and channeling of 

the carriers into narrow pathways. Such a layer system is know as a “spin valve” where 

one of the ferromagnetic layers is pinned (its moments are very difficult to reverse by 

applying field), but the moment of the other layer is free to easily align with an applied 

magnetic field [80](Figure 2.3). The second layer acts as a control valve. The spin valve 

can be used to measure the field and will find use in number of sensor applications. The 

magnitude of change in resistance in GMR materials as we go from aligned to anti-

alligned state is two orders of magnitude higher than conventional materials, hence the 

name.  

 

Figure 2.3: Schematic of a Spin-Valve representing transport that is parallel to the 
plane of a layered magnetic metal sandwich structure for aligned (low resistance) 

and antialigned (high resistance) orientations [80] 
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Magnetic read heads used in magnetic disc recorders must sense very small magnetic 

fields. Hence, the recent switch to GMR read head technology has lead to a 10 fold 

increase in the magnetic storage capacity from 1 to 20 Gigabits [81]. IBM was the first to 

launch GMR reads in the market in 1997(Figure 2.4 a). By flipping the spins in one layer, 

the spin valve also acts as a switch. Thus, information can be stored as “0” and “1”  

(magnetization between layers being anti-parallel or parallel) just like in semiconductor 

RAM (Random Access memory). The advantage magnetic random access memory 

(MRAM) will have over their semiconductor counterparts is that they are non-volatile in 

nature i.e. the stored memory does not “evaporate” when the system is switched off [80]. 

Thus MRAM devices will be smaller, faster, consume less power and be much more 

robust in conditions of high temperature and high-level interference. Honeywell has 

shown that arrays of  GMR based MRAM arrays (Figure 2.4 b) can be fabricated to 

achieve memory densities and speeds close to that of semiconductor memory but have 

the added advantage that they are non-volatile[80]. Quantum computing where the spin 

of individual atoms is utilized to process information can be realized using MRAM 

technology [82].  
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Figure 2.4: a) A Schematic of a GMR magnetic read head (Green) that passes over 
recording media containing magnetized regions. b) Schematic of a MRAM 

constructed from GMR elements connected in series [80] 

2.3.2 Spin-FET 

Datta et al.[83] were the first to propose the idea of a Spin FET device (Figure 2.5). They 

proposed that current modulation due to spin-orbit coupling can be achieved in a small 

band gap semiconductor FET having a spin polarizing (ferromagnetic metal or DMS) 

source and drain electrode. In this device a spin polarizing electrode (source or polarizer) 

preferentially injects spin polarized carriers into the channel that is then collected by 

another polarized electrode ( drain or analyzer). Its operation is very similar to that of a 

conventional charge based FET. The relative orientation of the electron spins in the 

channel and the source and drain moments determines the current, it being maximum 

when they are all aligned. In the spin-FET, an interaction between the electric field and 

the spin precession of the carriers by the Rashba spin-orbit coupling effect [84] occurs 

when a relatively low gate voltage is applied. The current can be effectively shut off if 

this interaction is strong enough to turn the spin orientation of the carriers out of 

alignment with the drain contact. This can take place at a bias voltage that is much lower 

than that required to shut off the current in a charge controlled FET. A ZnO based spin-

a) b) 
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FET was proposed by Sato and Katayama-Yoshida[85]. Using first principle calculations 

the authors predicted that Zn(Mn)O would be antiferromagnetic in its ground state and 

that hole doping would induce ferromagnetism in it. Thus in the proposed structure, by 

applying a negative bias gate voltage, the Zn(Mn)O could be transformed into a half 

metallic ferromagnet. Using ferromagnetic Zn(Co)O as the drain and source electrodes, 

spin polarized electrons could flow through the half-metallic Zn(Mn)O channel. 

 

Figure 2.5: Schematic of a Spin-FET [5] 

2.3.3 Spin-LED   

Circularly polarized light is emitted by a spin-LED after the recombination of spin 

polarized charge carriers which are electrically injected into a semiconductor 

heterostructure. Such a device structure will allow modulation of the polarization of the 

light emitted by the spin-LED by applying an external magnetic field. Emission of spin 

polarized light has been shown in II-VI semiconductors [86] and the III-As [87]. A 

straightforward approach of attaining spin-polarized light emission will be to dope the top 

contact p-GaAs layer of the GaAs/InGaAs LED structure with Mn [87]. A schematic of 

such a device is shown in Figure 2.6. 
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Figure 2.6: Schematic of a Spin-LED showing Injection of spin-polarized holes into 
a light-emitting p-n diode using a ferromagnetic semiconductor (Ga,Mn)As [87]. 

 

 

 

 

 

 

 

 

 

 

 
 



 36

References 

1. P. Schwob, and O. Vogt, Phys. Lett. 22, 374 (1966) 

2. T. Kasuya, and A. Yanase, Rev. Mod. Phys. 40, 684 (1968) 

3. A. Mauger, and C. Godart, Phys. Rep. 141, 51 (1986) 

4. C.Haas, A.M.J.G. van Run, P.F. Bongers, and W. Albers, Solid-State Commun. 5, 

657 (1967) 

5. J.A. Muir, R.J. Cashman, J. Opt. Soc. Am. 57, 1 (1967) 

6. M. A. Novak, S. Oseroff and O. G. Symko, Physica B+C 107, 313 (1981) 

7. P. M. Amirtharaj, F. H. Pollak and J. K. Furdyna, Solid-State Commun. 39, 35 

(1981) 

8. S. Nagata, R. R. Galazka, G. D. Khattak, C. D. Amarasekara, J. K. Furdyna and P. 

H. Keesom, Physica B+C 107, 311 (1981) 

9. M. Grynberg, Physica B+C 117-118, 461 (1983) 

10. P.A. Wolf, and J. Warnock, J. Appl. Phys. 55, 2300 (1983) 

11. J. R. Anderson, W. B. Johnson, D. R. Stone and J. K. Furdyna, J. Phys. Chems. 

Solids. 48, 481 (1987) 

12. V. Spasojevic, A. Bajorek, A. Szytu a and W. Giriat, J. Magn. Magn. Mater. 80, 

183 (1989) 

13. J. K. Furdyna, J. Appl. Phys. 64, R29 (1988) 

14. G.A. Medvedkin, T. Ishibashi, T. Nishi, K. Hayata, Jpn. J. Appl. Phys. 39, L949 

(2000) 

15. H. Ohno, and F. Matsukura, Solid- State Commun. 117, 179 (2001) 



 37

16. H. Munekata, H. Ohno, S. von Molnar, A. Segmuller, L.L. Chang, and L. Esaki, 

Phys. Rev. Lett. 63, 1849 (1989) 

17. H. Ohno, H. Munekata, T. Penney, S. von Molnar, and L.L. Change, Phys. Rev. 

Lett. 67, 2664 (1992) 

18. H. Ohno, A. Shen, F. Matsukura, A. Oiwa, A. Endo, S. Katsumoto, and Y. Iye, 

Appl. Phys. Lett. 69, 363 (1996) 

19. H. Ohno, Science 281, 951 (1998) 

20. A.M. Nazmul, S. Sugahara, and M. Tanaka, Phys Rev. B 67, 241308 (2003) 

21. T. Dietl, H.Ohno, F. Matsukura, J. Cibert, and D. Ferrand, Science 287, 1019 

(2000) 

22. C. Zener, Phys. Rev. 81, 440 (1951) 

23. C. Zener, Phys. Rev. 82, 403 (1951) 

24. C. Zener, Phys. Rev. 83, 299 (1951) 

25. M. L. Reed, N. A. El-Masry, H. H. Stadelmaier, M. K. Ritums, M. J. Reed, C. A. 

Parker, J. C. Roberts, and S. M. Bedair, Appl. Phys. Lett. 79, 3473 (2001) 

26. K. Ueda, H. Tabata, and T. Kawai, Appl. Phys. Lett. 79, 988 (2001) 

27. K. Sato, H. Katayama-Yoshida, Jpn. J. Appl. Phys. 39, L555 (2000) 

28. K. Sato, H. Katayama-Yoshida, Semicond. Sci. Technol. 17, 367 (2002) 

29. Y. Matsumoto, M. Murakami, T. Shono, T. Hasegawa, T. Fukumura, M. 

Kawasaki, P. Ahmet, T. Chikyow, Shin-ya Koshihara, H. Koinuma, Science, 291 

854 (2001) 

 



 38

30. S. B. Ogale, R. J. Choudhary, J. P. Buban, S. E. Lofland,S. R. Shinde, S. N. Kale, 

V. N. Kulkarni, J. Higgins,C. Lanci,J. R. Simpson, N. D. Browning, S. Das 

Sarma, H. D. Drew, R. L. Greene, and T. Venkatesan, Phys. Rev. Lett., 91, 

077205  (2003) 

31. D.Chakraborti, J.Narayan, and J.T.Prater, Appl. Phys. Lett. 90, 062504 (2007) 

32. T.S.Herng, S.P. Lau, S.F.Yu, H.Y. Yang, X.H.Ji, J.S.Chen, N.Yasui and H.Inaba, 

Journ. Appl. Phys. 99, 086101 (2006) 

33. J.M.D Coey, A.P Douvalis, C.B Fitzgerald and M. Venkatesan,  Appl. Phys. Lett, 

84, 1332-43  (2004) 

34. J.T. Prater, S. Ramachandran, A. Tiwari, and J. Narayan, J. Elec. Mater. 35, 852 

(2006) 

35. H.S. Hsu, J.C.A. Huang, Y.H. Huang, Y.F. Liao, M.Z. Lin, C.H. Lee, J.F. Lee, 

S.F. Chen, L.Y. Lai, C.P. Liu, Appl. Phys. Lett. 88, 242507 (2006) 

36. D.P. Norton, M.E. Overberg, S.J. Pearton, K. Pruessner, J.D. Budai, L.A. Boatner, 

M.F. Chisholm, J.S. Lee, Z.G. Khim, Y.D. Park, R.G. Wilson, Appl. Phys. Lett. 

83, 5488 (2003) 

37. G.V. Lashkarev, M.V. Radchenko, V.A. Karpina, and V.I. Sichkovskyi, Low 

Temp. Phys. 33, 165 (2007) 

38. Z. Jin, T. Fukumura, M. Kawasaki, K. Ando, H. Saito, T. Sekiguchi, Y. Z. Yoo, 

M. Murakami, Y. Matsumoto, T. Hasegawa and H. Koinuma, Appl. Phys. Lett. 78 

,3824(2001) 



 39

39. Z. Jin, M. Murakami, T. Fukumura, Y. Matsumoto, A. Ohtomo, M. Kawasaki, H. 

Koinuma, Journ. of Cryst Growth 214/215,55 (2000) 

40. Ü. Özgür, Ya. I. Alivov, C. Liu, A. Teke, M. A. Reshchikov, S. Dogan, V. 

Avrutin, S.-J. Cho, and H. Morkoç, J. Appl. Phys. 98, 041301 (2005) 

41. T. Fukumura, Z.Jin, A. Ohtomoto, H. Koinuma, M. Kawasaki Appl. Phys. Lett. 

75, 3366 (1999) 

42. D.B.Buchholz, R.P.H. Chang, J.H.Song and J.B. Ketterson, App. Phys. Lett. 87, 

82504 (2005) 

43. T. Fukumura, Z. Jin., A. Ohtomo, H. Koinuma, and M. Kawasaki, Appl. Phys. 

Lett. 75, 3366 (1999)   

44. T. Fukumura, Z. Jin., M. Kawasaki, T. Shono, T. Hasegawa, S. Koshihara, and H. 

Koinuma, Appl. Phys. Lett. 78 ,3824 (2001) 

45. S.W. Jung, S.J. An, G.C. Li, C.U. Jung, S. Lee, and S.Cho, Appl. Phys. Lett. 80, 

4561 (2002) 

46. A. Tiwari, C. Jin, A.Kvit, D. Kumar, J.F. Muth, J. Narayan, Solid State Commun. 

121, 371(2002) 

47. S. J. Han, T.H. Jang, B.G. Park, J.H. Park, Y.H. Jeong, Appl. Phys. Lett. 83, 920 

(2003) 

48. P. Sharma A. Gupta, K.V. Rao, F.J. Owens, R.Sharma, R.Ahuja, J. M. Osorio 

Guillen, B. Johansson. G.A. Gehring, Nature Materials 2, 673 (2003) 

49. D.P. Norton, S.J. Pearton, A.F. Hebard, N. Theodoropoulou, L.A. Boatner and R. 

G. Wilson, Appl. Phys. Lett. 82, 239 (2003) 



 40

50. S.Ramachandran, J.Narayan, and J.T. Prater, Appl. Phys. Lett. 88, 242503 (2006) 

51. D.L. Hou,  X.J. Ye, H.J. Meng, H.J. Zhou, X.L. Li, C.M. Zhen, and G.D. Tang, 

Mater Sci Eng B Solid State Adv Technol 138, 184 (2007) 

52. A.F.Jalbout, H. Chen, and S.L. Whittenburg, Appl. Phys. Lett. 81, 2217 (2002) 

53. T. Fukumura, Y. Yamada, H. Toyosaki, T. Hasegawa,  and M. Kawasaki, Appl. 

Surf. Sci. 223, 62 (2004) 

54. J.H. Kim, H. Kim, D. Kim, Y.E. Ihm, and W.K. Choo, J. Appl. Phys. 92, 6066 

(2002) 

55. J. H. Park, M.G. Kim, H. M. Jang, S. Ryu, and Y.M. Kim, Appl Phys. Lett. 84, 

1338 (2004) 

56. H. –J. Lee, S.-Y. Jeong, C.R. Cho, and C.H. Park, Appl Phys. Lett. 81, 4020 

(2002) 

57. Y.M. Cho, W.K. Choo, H. Kim, D. Kim, and Y. Ihm, Appl Phys. Lett. 80, 3358 

(2002) 

58. X.C. Liu, E.W. Shi, Z.Z. Chen, H.W. Zhang, B. Xiao, and L.X. Song, Appl. Phys. 

Lett. 88, 252503 (2006) 

59. J. Alaria, H. Bieber, S. Colis, G. Schmerber, and A. Dinia, Appl. Phys. Lett. 88, 

112503 (2006) 

60. S.Ramachandran, A.Tiwari, and J.Narayan, App. Phys. Lett. 84,5255(2004) 

61. M.S. Park and B.I. Min, Phys Rev. B 68, 224436 (2003) 

62. C.H. Chien, S.H. Chiou, G.Y. Gao, and Y.D. Yao, J. Magn Magn. Mater.   282, 

275 (2004) 



 41

63. L.H. Ye, A.J. Freeman, and B.Delley, Phys. Rev B 73, 033203 (2006) 

64. H.J. Lee, B.S. Kim, C.R. Cho, and S.Y. Jeong, Phys. Status Solidi B 241, 1533 

(2004) 

65. T.S. Herng, S.P. Lau, S.F. Yu. H.Y. Yang, L. Wang, M. Tanemura, J.S. Chen, 

Appl. Phys. Lett. 90, 032509 (2007) 

66. D.L. Hou, X.J. Ye, H.J. Meng, H.J. Zhou, X.L. Li, C.M. Zhen, and G.D. Tang,  

Appl. Phys. Lett. 90, 142502 (2007) 

67. D.J. Keavney, D.B. Buchholz, Q.Ma, and R.P.H. Chang, Appl. Phys. Lett. 91, 

012501 (2007) 

68. M.A. Ruderman and C. Kittel, Phys. Rev. 96, 99 (1954) 

69. T. Kasuya, Prog. Theor. Phys. 16, 45 (1956) 

70. K. Yosida, Phys. Rev. 106, 893 (1957) 

71. T. Dietl, A. Haury, Y. Merle d'Aubigné, Phys. Rev. B 55, R3347 (1997) 

72. N.Spaldin, “ Magnetic Materials Fundamentals and Device Applications” , 

Cambridge University Press, Cambridge,UK , pp-155 (2003) 

73. H.Akai, Phys. Rev. Lett. 81, 3002 (1998) 

74. N.Spaldin, “ Magnetic Materials Fundamentals and Device Applications” , 

Cambridge University Press, Cambridge,UK, pp-100 (2003) 

75. M. Berciu, and R.N.Bhatt, Phys. Rev. Lett. 87, 107203 (2001) 

76. R.N.Bhatt, M Berciu,M.P. Kennett and X. Win, J. of Superconductivity 15, 71 

(2002) 

77. J.M.D. Coey, M. Venkateshan, and C.B. Fitzgerald, Nat. Mater. 4, 174 (2005) 



 42

78. S. Das Sarma, American Scientist 89, 516 (2001) 

79. M. N. Baibich, J. M. Broto, A. Fert, F. Nguyen Van Dau, F. Petroff, P. Etienne, 

G. Creuzet, A. Friederich, and J. Chazelas, Phys. Rev. Lett. 61, 2472 (1988) 

80. G.A. Prinz, Science 282, 1660 (1998) 

81. S. A. Wolf, D. D. Awschalom, R. A. Buhrman, J. M. Daughton, S. von Molnár, 

M. L. Roukes, A. Y. Chtchelkanova, and D. M. Treger, Science 294, 1488 (2001) 

82. S.A. Chambers, Materials Today 5, Issue 4, 34 (2002) 

83. S. Datta, and B. Das, Appl. Phys. Lett. 56, 665 (1990) 

84. Yu. Bychkov, E.L. Rashba, J. Phys. C 17, 6093 (1984) 

85. K. Sato, and H. Katayama-Yoshida, Mat. Res. Soc. Symp. Proc. 666 (2001) F4.6 

86. R. Fiederling, M. Keim, G. Reuscher, W. Ossau, G. Schmidt, A. Waag, L. W. 

Molenkamp, Nature 402, 787 (1999) 

87. Y. Ohno, D. K. Young, B. Beschoten, F. Matsukura, H. Ohno, D. D. Awschalom, 

Nature 402, 790 (1999) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 43

3 Chapter 3: ZnO and its properties 

Of all diluted magnetic semiconducters and oxides ZnO has aroused the most interest 

because of its attractive properties. The Wurtzite ZnO has great prospects in 

optoelectronic applications due to its direct wide band gap (Eg ~ 3.3 eV). The advantage 

it has over GaN, another wide band gap semiconductor widely used in production of blue, 

green and white LEDs and laser diodes, is its  large exciton binding energy (~60 meV) 

which is more than twice that of GaN. This will lead to an intense near-band-edge-

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

temperature thermal energy ( kBT= 25 meV)[1-3]. ZnO bulk-crystals can be grown easily, 

as a result large-size ZnO substrates are available on which ZnO thin films can be grown 

homoepitaxially. ZnO has a relatively simpler crystal-growth technology than GaN and 

high quality ZnO thin films can be grown at much lower temperatures (< 600 0C). This 

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

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

layer for growing high quality GaN films[4,5]. Some of its other attractive properties 

are:- high energy radiation stability, ease of wet chemical etching [6]. Undoped ZnO is 

inherently n-type. This n-type conductivity has been attributed to the presence of intrinsic 

defects like oxygen vacancies (Vo) or zinc intersticial(Zni). Room temperature Hall 

mobility of the order of 200 cm2V-1s-1   and carrier concentration up to ~ 1021 cm-3 can be 

achieved by group III substitutional doping of ZnO [1]. The wide band gap of ZnO makes 

it transparent in the visible range which is maintained even at very high carrier 

concentrations, where ZnO shows metallic conductivity, making ZnO a promising 
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material to be used as a transparent conductor. These favorable optical and electrical 

properties allow ZnO to have wide applications such as transparent electrodes in flat 

panel displays and solar cells, thin film gas sensor, varistor, surface acoustic wave (SAW) 

devices, optical wave-guides, acousto-optic modulators/deflectors, ultraviolet LASER 

source, and ultraviolet detectors [7]. The biggest roadblock in processing of a fully ZnO – 

based device is the unavailability of highly p-type conducting ZnO. Although a number 

of groups have tried to address this issue by using various growth methods and doping 

with various group V elements (N, P, As and Sb), reproducible and reliable high p-type 

conductivity in  ZnO is yet to be achieved. The main reason behind the difficulty of 

achieving p-type conductivity is the presence of native defects such as oxygen vacancies 

and Zn interstitials which are unintentionally introduced during growth making undoped 

ZnO inherently n-type, Some of these are described in the subsection on native defects. 

Even though p-type ZnO with high conductivity is yet to be realized, the highly desirable 

properties of n-type ZnO can be utilized by using it as an active layer on other p-type 

materials as in the case of n-ZnO/ p –AlN heterojunctions used for high intensity UV 

emissions. Apart from all these attractive properties, the high solubility of the various 3d 

transition elements in ZnO adds further to its advantage to be used in spintronics 

application as higher concentrations of magnetic dopants can be introduced without it 

precipitating out as secondary phases or metallic nanoclusters[8,9]. 
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3.1 Crystal structure 

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

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

state under ambient conditions, although the other two structures also appear under 

specific conditions. The zinc – blende state is stable only when grown on cubic substrates 

and the rock salt structure can be obtained only at very high pressures. Some of the other 

interesting semiconductors which crystallize in the same wurtzite structure are GaN, 

ZnSe, ZnTe, etc. The wurtzite structure has a hexagonal close packed (hcp) bravais lattice 

and belongs to the P63mc space group [1]. The ZnO structure consists of two 

interpenetrating hcp sublattices of cation (Zn) and anion (O) which are displaced along 

the c-axis by the Zn – O bond length. Figure 3.1 shows a schematic of the wurtzite 

structure and the HCP Bravais lattice [10].  

 

 

 

 

 

 

 

 

 

Figure 3.1: Shematic of a) Wurtzite Strucutre b) Bravais Lattice 

a) b) 
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The lattice constants of ZnO are: a = 3.250 Ǻ and c = 5.206 Ǻ, which gives a c/a ratio ~ 

1.60 [1] . This departure from a c/a value of 1.633 for an ideal hcp structure is primarily 

due to the electronegetivities between Zn2+ and O2- ions. The covalent radii of Zn2+ and 

of O2- are 1.31 Ǻ and 0.73 Ǻ, respectively, which may vary depending on the ionicity of 

the bond. ZnO has been known to show variation in lattice parameters due to factors such 

as lattice stability, strain, ionicity and carrier densities. The presence of defects such as 

oxygen vacancies, Zn antisites, impurities and dislocations have also been know to affect 

the variation in lattice parameters.ZnO grows preferentially along the [0001] direction 

due to the low surface energy of this plane. The wurtzite ZnO structure is formed by 

alternate stacking of (0001) closed packed planes of Zn and O giving an AaBbAaBb 

stacking sequence along [0001] direction. The implication of stacking of alternate planes 

of Zn2+ and O2- ions along the <0001> axis is that it results in polar surfaces indicating 

the direction of bonds. The [0001] direction corresponds to the bond direction from anion 

to cation along c-direction. Hence, the polarity is referred to as Zn polarity if the bonds 

are from Zn to O along the c-axis and O polarity for the reverse direction [1]. The 

polarity has been found to be responsible for a number of physical effects observed in 

ZnO such as different growth behavior and etch rates for surfaces with different polarity, 

defect generation, piezoelectric behavior. Other than the (0001) plane, ZnO crystal 

growth can also take place along other planes such as a – plane and r – plane, especially 

where the polarity of the material is not critical. 



 47

3.2 Electronic band structure 

Density of states (DOS) calculations by First – principle methods have been used to 

calculate the electronic band structure of ZnO. Several experimental techniques have also 

been used to investigate the band structure such as X-ray- or UV reflection/absorption or 

emission techniques, photoelectron spectroscopy (PES), angle-resolved photoelectron 

spectroscopy (ARPES), etc[1]. Local density approximation (LDA) and density 

functional theory (DFT) are the most extensively used computational techniques to 

calculate the band structure of ZnO [11,12]. The valence band extends down to about 10 

eV below the Fermi level. The deepest valence band is mainly the O3s orbital, whereas, 

the upper valence band is composed of Zn3d, 4s, 4p and O2p orbitals. The conduction 

band consists of Zn4s, 4p and O2p orbitals. Figure 3.2 shows total density of states and 

the band structure for ZnO. Close to the Fermi level, the uppermost valence band was 

mainly composed of O2p. Compared to this the lowermost conduction band is 

predominantly Zn4s and 4p with contributions from the O2p and 3s states being 

negligible [11]. The O2p orbital in ZnO is rather sharp without much overlap with other 

orbitals. This implies that the O2p is tightly bound to the oxygen atoms, which inhibits 

much contribution of electron states to the conduction band. Although this representation 

of the electronic band structure of ZnO (wurtzite) confirms well with the experimental 

observations, the direct band gap calculated by these methods for ZnO is 1 eV which is 

much smaller than the measured value of 3.4 eV. A self – interaction correction (SIC) is 

needed to be incorporated in these calculations to get a value of bandgap closer to the 

experimental values [13]. By using  a SIC-psuedo potential to calculate the band structure 
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one can also account for the influence of Zn 3d states on the s and p derived valence 

states and predicts the value of lattice parameter which are  in good agreement with the 

experimental values. 

 

 

 

  

 

 

 

 

Figure 3.2: Density of states and band structure of ZnO in Wurtzite structure [11] 

3.3 Effect of native defects and dopants 

The effect of doping and presence of native defects on the electrical and magnetic 

properties of ZnO can be well understood by analysis of the electronic band structure. 

The energy levels of various dopants and defects can affect the DOS in conduction or 

valence bands or in the mid-gap. If the DOS of the energy levels defects or dopants are 

delocalized and overlap with the conduction or valence bands then they might contribute 

to improving conduction whereas for those having localized DOS in the mid-gap might 

lead to increase in resistance by compensation effects. The energy levels of the 3d 

orbitals of the transition metal dopants and their interactions with the energy states of 
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ZnO and native defects play an important role in determining the magnetic ordering in 

the TM doped ZnO DMS. The electronic band structure of the host semiconductor and 

the DOS of the energy states of dopants also determine the mechanism governing the 

ferromagnetic ordering :- either free carrier mediated or via localized electrons associated 

with native defects. Although a detailed analysis of electronic band structure of doped 

and undoped ZnO and study of DOS of energy levels associated with defects and dopants 

is beyond the scope of this thesis, we will discuss in this section briefly about the energy 

states of some native defects (like O vacancy, Zn interstitials, etc) and dopants (like 

Co,Cu, Al ,etc). 

As-deposited ZnO is inherently n-type due to its non-stoichiometry under normal growth 

conditions, where it is Zn rich. The main reason for the n-type conductivity has been 

proposed to be a native defect, either O vacancies or Zn interstitials, acting as a shallow 

donor, although the role played by either of these two defects in the origin on n-type 

conductivity in pure ZnO is still controversial. Usually these point defects appear in 

crystals as Schottky ( pair of anion and cation vacancy) or Frenkel (vacancy – interstitial 

pair of the same ion). But the type of defects that will be present in ZnO crystal and their 

effect on the band structure is very complex and far from understood. Theoretical 

calculations by Bin et al.[14] showed that mid-gap states are formed by the introduction 

of defects such  as VO , VZn, Oi and Zni . But still the energy levels of these defects in the 

mid-gap are debated. By performing numerous studies on optical and electrical properties 

of  ZnO and on the diffusion process, Krueger [15] estimated the energy levels of these 

native defects in ZnO, which is shown schematically in Figure 3.3. He assigned VO and 



 50

VZn as the dominant donor and acceptor, respectively. In oxygen rich conditions Zn 

vacancies (VZn) will dominate where as, under Zn rich or oxygen deficient conditions O 

vacancies (VO) will dominate. Theoretical calculations which predict lower energy of 

formation energy for VO as compared to Zni also suggest that films when grown under 

high vacuum would have oxygen vacancies which could be responsible for the n-type 

conductivity. In the Figure 3.3 Zn vacancies are represented as VZn
’ and VZn

” with 

effective charges of  -q and -2q respectively. Zni
x and Zni

* represent Zn interstitials with 

effective charges of zero and +q , respectively, and Oxygen vacancies are denoted by VO
x 

and VO
* with effective charges of zero and +q ,respectively.  

 

Figure 3.3: Electronic energy levels of native defects in ZnO [15] 

 

The intrinsic band gap was given by Ei = 3.2 – 10-3 T (eV) which is smaller than the 

experimental value of 3.4 eV.The activation energy for the two acceptor levels of VZn
’ 

and VZn
” are given by Ea1 = 0.7 – 10-4 T (eV) and Ea2 = 2.8 – 10-3 T( eV), respectively. 
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The binding energies for the two Zn interstitial donor levels are given by Eb1 = 0.05 eV 

and Eb2 = 0.5 – 1.5 x10-4 T(eV). The binding energies for the two donor levels of the 

oxygen vacancies is given by Ec1 = 0.05 eV and Ec2 = 2-6x10-4T (eV).  Thus it was seen 

that both Vo and Zni can act as shallow donors but there is a great debate about which 

one is the dominant donor defect responsible for n-type conductivity [16,17]. 

With the incorporation of dopants the situation becomes even more interesting. The 

formation of complexes between defects themselves and with other dopant impurities can 

not be ruled out. With recent reports of native defects, especially shallow donors like Zn 

interstitials and Oxygen vacancies, playing an important role in determining the magnetic 

ordering in ZnO DMSs, the understanding of interaction between the defect energy states 

and the transition metal 3d orbitals becomes even more necessary.  

In case of group III impurities like Al,Ga, and In, the partial DOS of the Al(Ga,In) in 

ZnO: Al(Ga,In) are highly delocalized around the Fermi level (Ef) and lead to large 

increase in conductivity. Other than being highly delocalized the Al 3s state may also 

hybridize with the 3p state to further enhance conductivity [12]. In contrast the 3d states 

of the transition metals in ZnO are more localized and may not contribute to electronic 

conduction. In case of ZnO:Cu, the PDOS value of the 3d orbital is very small at Ef and 

can be a possible reason for their insulating nature as well as the compensating effects 

[12]. Similar results were found in our studies, where the introduction of Cu increased the 

resistance of undoped ZnO by two orders of magnitude[18]. Compared to this in ZnO:Co, 

the PDOS values for the 3d states are relatively large and hence ZnO:Co is 

semiconducting in nature [12]. Our studies involving codoping ZnO with Cu and Co [19] 
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were in agreement with these results, where we found that ZnO films doped just with Co 

had resistivities similar to that of undoped ZnO. Since a defect mediated mechanism like 

BMP involves formation of a spin-split impurity band by the interaction of localized 

electrons trapped in a defect along with the localized 3d spins of the dopant atoms, the 

degree of localization of the 3d states might be an indicator of the strength of the 

interaction between the trapped electron and the localized 3d spins. This will be discussed 

in later in Chapter 9. 

3.4 Thin film ZnO growth 

The fabrication of ZnO based optoelectronics, microelectronic or spintronic devices 

require growth of high quality thin films. Thin film growth of ZnO can be done by 

various techniques such as: pulsed laser deposition (PLD) [20], rf magnetron sputtering, 

molecular beam epitaxy (MBE) [21], chemical vapor deposition (CVD), vapor phase 

epitaxy, etc. In this dissertation all the single crystal epitaxial ZnO films have been grown 

by PLD. Details of this technique will be discussed in the experimental section. A 

number of substrates have been used to grow ZnO thin films, the lattice parameters of 

some these substrates are listed in Table 3.1. Sapphire or α- Al2O3 has been the most 

widely used substrate for growing ZnO. In this work (0001) α- Al2O3 substrates have 

been used to grow single crystal epitaxial films of ZnO by domain matching epitaxy 

(DME). Details of DME have been discussed in the experimental section. The properties 

of sapphire are discussed in the following section. 
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Table 3.1: Lattice parameters and thermal expansion coefficients of the prospective 
substrates for ZnO thin film growth 

 
Substrate Crystal 

structure 
Lattice 

parameters  
a(Ǻ) , c(Ǻ) 

Lattice 
Mismatch (%) 

Thermal 
Expansion 

coefficients, α 
(K-1), αa (10-6), 

αc (10-6) 
ZnO Hexagonal 3.252,5.213 NA 2.9,4.75 
GaN Hexagonal 3.189,5.185 1.8 5.17, 4.55 
AlN Hexagonal 3.112, 4.980 4.5 5.3, 4.2 

α- Al2O3 Hexagonal 4.757, 12.983 (15.4% after 
300 in – plane 

rotation) 

7.3, 8.1 

6H –SiC Hexagonal 3.080, 15.117 3.5 4.2,4.68 
Si Cubic 5.430 40.1 3.59 

ScAlMgO4 Hexagonal 3.246,25.195 0.09 - 
GaAs Cubic 5.652 42.4 6.0 

 

3.4.1 Sapphire (α- Al2O3) 

Sapphire (α- Al2O3) with a corundum structure is the most stable form of aluminum 

oxide. It has hcp Bravais lattice having the following lattice constants: a = 4.75 Ǻ and c = 

13  Ǻ [22]. Here Al occupies two thirds of the octahedral interstitial voids of each 

successive O atom hcp layer. The large band gap of 9.7 eV allows transmission of light 

over a broad range of wavelengths. Some other attractive properties of sapphire are : high 

melting point ( 2040 0C), hardness, high temperature inertness, etc. These properties have 

led to extensive use of sapphire in optics, laser, semiconductor, optoelectronics, industry 

and military applications. Due to similarity of the hexagonal structure, growth of GaN 

and ZnO thin films for optolectronic applications is done on sapphire, especially because 

the large band gap of sapphire allows optical characterization of these films without 
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interfering with the film properties. The inertness allows growth of high quality single 

crystalline thin films without interfacial reactions between the film and substrate. Some 

important properties of sapphire are listed in Table 3.2 [23]. 

 

Table 3.2: Properties of Sapphire [23] 

PROPERTIES OF SAPPHIRE 
PHYSICAL THERMAL 

Chemical Formula Al2O3 Thermal 
Conductivity 

0.065 cal cm-1 s-1 
0C-1 

Crystal Structure Hexagonal System 
(rhombohedral) 

Thermal Expansion 
Coefficient 

8.40 x 10-6 0C-1 

Unit cell dimension a = 4.758 Ǻ, c = 
12.991  Ǻ 

Specific heat at 25 
0C 

0.10 cal g-1 

Density 3.98 g cm-3 Heat capacity at 25 
0C 

18.6 cal 0C-1 mol -1 

Hardness 9 mohs, 1525-2000 
Knoop 

  

Melting Point 2040 0C   
Boiling Point 2980 0C   

 
Mechanical Electrical 

Tensile strength 40,000 – 60,000 psi 
(design criterion) 

Volume Resistivity 1014 Ohm - cm 

Flexural strength  70,000 –130,000 psi 
(design criterion) 

Dielectric strength 480,000 V cm -1 

Young’s modulus 50 x 106 psi Dielectric constant 
E ┴ c-axis 

9.4 

Compressive 
Modulus 

55 x 106 psi Dielectric constant 
E  ║ c-axis 

11.5 

Flexural Modulus 52 x 106 psi Dissipation factor, 
tan delta  

10-4 

Rigidity Modulus 21.5 x 106 psi   
Bulk Modulus 35 x 106 psi   
Poisson’s ratio 0.29   

 



 55

References 

1. Ü. Özgür, Ya. I. Alivov, C. Liu, A. Teke, M. A. Reshchikov, S. Dogan, V. 

Avrutin, S.-J. Cho, and H. Morkoç, J. Appl. Phys. 98, 041301 (2005) 

2. T. Fukumura, Z.Jin, M. Kawasaki, T.Shono, T. Hasegawa, S. Koshihara, H. 

Koinuma, Appl. Phys. Lett. 78, 958 (2001) 

3. A. Tiwari, C. Jin, A.Kvit, D. Kumar, J.F. Muth, J. Narayan, Solid State Commun. 

121, 371(2002) 

4. X. Gu, M. A. Reshchikov, A. Teke, D. Johnstone, H. Morkoc, B. Nemeth, and J. 

Nause, Appl. Phys. Lett. 84, 2268 (2004) 

5. F. Hamdani, M. Yeadon, David J. Smith, H. Tang, W. Kim, A. Salvador, A. E. 

Botchkarev, J. M. Gibson, A. Y. Polyakov M. Skowronski, and H. Morkoç, J. 

Appl. Phys. 83, 983 (1998) 

6. D. C. Look, Mater. Sci. Eng. B 80, 381 (2001) 

7. P. Sharma, K. Sreenivas, and K. V. Rao, J. Appl. Phys. 93, 3963 (2003) 

8. Z. Jin, T. Fukumura, M. Kawasaki, K. Ando, H. Saito, T. Sekiguchi, Y. Z. Yoo, 

M. Murakami, Y. Matsumoto, T. Hasegawa and H. Koinuma, Appl. Phys. Lett. 78 

,3824(2001) 

9. Z. Jin, M. Murakami, T. Fukumura, Y. Matsumoto, A. Ohtomo, M. Kawasaki, H. 

Koinuma,  Journ. of cryst growth 214/215,55 (2000) 

10. A.Cimino, G. Mazzone, and P. Porta, Z. Phys. Chem. N. F. 41, 154 (1964) 

11. Y. Imai, A. Watanabe and I. Shimono, J. Mater. Sci. 14, 149 (2003) 

12. Y. Imai and A. Watanabe, J. Mater. Sci. Lett. 15, 743 (2004) 



 56

13. D. Vogel, P. Kruger, J. Pollmann, Phys. Rev. B 52, 14316 (1995) 

14. X.P. Shou, S.Y. Ming, S.C. Shu, X.F. Qiang, P.H. Bin, Chin. Phys. Lett. 18, 1252 

(2001) 

15. F.A. Kroger, The Chemistry of Imperfect Crystals, North-Holland Publishing 

Company, Amsterdam, 691 (1964) 

16. D.C. Look, J.W. Hemsky and J.R. Sizelov, Phys. Rev. Lett. 82, 2552 (1999) 

17. V. Bhosle, A. Tiwari and J. Narayan, Appl. Phys. Lett. 88, 32106 (2006) 

18. D.Chakraborti, J.Narayan, and J.T.Prater, Appl. Phys. Lett. 90, 062504 (2007) 

19. D.Chakraborti, S.Ramachandran, G.Trichy, J.Narayan, and J.T.Prater, J. Appl. 

Phys. 101 ,053918 (2007)  

20. R.D. Vispute, et al. , Appl. Phys. Lett. 73, 348 (1998) 

21. P. Fons, K. Iwata, S. Niki, A. Yamada and K. Matsubara, Journal of Crystal 

Growth, 201-202, 627 – 632 (1999) 

22. “The Nature of the Chemical Bond”, L. Pauling, Cornell University Press, Ithaca, 

New York (1960) 

23. http://www.crystalsystems.com/proptable.html 

 
 
 
 
 
 
 
 
 
 
 
 



 57

4 Chapter 4: Experimental Technique 

4.1 Thin film growth and processing 

4.1.1 Pulsed laser deposition technique 

In this dissertation all the thin films have been grown using a pulsed laser deposition 

(PLD) technique. Since the invention of  a number of nanosecond lasers in the 1970s 

[1,2] and demonstration of its utility for depositing stoichiometric, mixed oxide films, 

particularly complex high Tc superconducting oxides comprising of 4 components or 

more in late 1980s [3], PLD has become a popular method for depositing novel thin films 

and hetero structures where the interaction of laser beams with material surface is made 

use of.  

Due to the simplicity of the experimental set-up the start-up, operation, and maintenance 

costs of the technique are much lower than other contemporary deposition techniques 

making it a popular research tool. A basic PLD system consists of three components :- 1) 

High power laser source (excimer or solid-state laser), 2) A vacuum chamber containing 

both the target and the substrate holder and 3) Laser optics consisting of a set of optical 

elements, including lenses, apertures, mirrors, etc. needed to guide the laser beam onto 

the target.  

Since most of the materials of interest exhibit strong absorption in the range 200 – 400 

nm , this becomes the most useful range of laser wavelength for thin film growth by PLD. 

Lasers that have been used in PLD technique include ruby laser [4,5], CO2 laser [6,7], 
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Nd- YAG laser [8,9], Nd-glass laser [10,11] and excimer lasers [12,13]. But, since most 

excimer lasers emit radiation in the range of interest, they have become the number one 

choice for PLD technique [14]. Solid-state lasers like Nd3+:YAG lasers are sometimes 

used, but since they have a characteristic emission at 1064 nm, they require special non 

linear crystals to achieve frequency doubling up to the desired frequencies [15]. This 

leads to energy loses and reduced system efficiency. The usage of Nd3+:YAG lasers is 

further limited by the fact that maximum  repetition rate that can be achieved is only 30 

Hz. In contrast, excimer lasers are gas laser systems and that can emit radiation directly 

in the UV range with a repetition rate up to several hundred hertz and the energies in 

excess of 500 mJ/pulse. Depending on the gas used, the operating wavelength of excimer 

laser can be changed from 157 nm for F2 to 351 nm for XeF. Table 4.1 lists some of the 

commercial excimer laser systems along with their wavelengths. 

 

Table 4.1: Characteristic laser wavelengths for different operating gases [14] 

Excimer Wavelength (nm) 

F2 157 

ArF 193 

KrCl 222 

KrF 248 

XeCl 308 

XeF 351 
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The KrF laser which emits laser of wavelength 248 nm (photon energy pf 5eV) is the 

highest gain system for electrically discharged pumped excimer lasers and can deliver 

pulses with much higher energy than other excimer lasers [14]. This makes the KrF laser 

the most popular laser source in PLD growth technique. In the present work also KrF 

excimer laser was used as the source. A schematic of a PLD set-up used in the present 

work is shown in Figure 4.1. 

 

Figure 4.1: Schematic of a PLD chamber 
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The quality of the films grown could be controlled by varying different parameters like 

substrate temperature, pressure in the chamber, laser fluence, substrate to target distance 

and pulse repetition rate. For the growth of the DMS thin films, the chamber was 

evacuated to a vacuum better than 10-6 torr.  The substrate is placed parallel to the target 

at a distance of 4-5 cm. The substrate temperature can be varied from room temperature 

up to 800 0C. The vacuum hardware and the evaporation power source can be easily 

decoupled allowing this technique to adapt to different operational modes, i.e. no 

constraints are imposed by the use of internally powered evaporation sources like the 

pulsed electron deposition. By using a gas nozzle a specific oxygen partial pressure can 

be maintained during deposition. A PLD set-up usually has a multi-target assembly. In 

the system used in this work, up to four targets could be loaded at the same time into the 

vacuum chamber to allow us to grow multi-layer structures without having to break the 

vacuum. 

4.1.2 Mechanism of laser ablation 

During deposition, the laser beam interacts with the target material to form a plume once 

the laser fluence increases above a threshold value. Depending on the type of interaction 

the laser-target interaction can be divided into three stages shown schematically in Figure 

4.2: (i) interaction of the laser beam with the target materials resulting in evaporation of 

the surface layers, (ii) interaction of the evaporated material with the incident laser beam 

resulting in isothermal plasma formation and expansion, and (iii) anisotropic adiabatic 

expansion of the plasma [16]. The first two stages start with the laser pulse and continue 
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through the duration of the pulse, which is 25 ns for the KrF excimer laser. The third 

stage starts after the termination of the laser pulse. 

 

Figure 4.2: Schematic of the different stags during laser ablation of a target: (A) 
Unaffected target, (B) evaporated target material, (C) dense plasma absorbing laser 

radiation, (D) expanding plasma outer edge transparent to the laser beam. [16] 
 

a) Interaction of the laser beam with the target: The removal of target material depends 

on the photon-solid coupling in the material. Intense heating of the surface layers by the 

high-power nanosecond laser pulses results in melting and evaporation of the surface 

layers. The thermal history during this process depends on (i) laser parameters such as the 

pulse energy density E, pulse duration τ, shape and wavelength λ of the laser pulse and 

(ii) material properties such as the reflectivity, absorption coefficient, heat capacity, 

thermal conductivity, density, etc. The coupling of the laser beam to the target occurs by 

photon-electron coupling and the target material undergoes an electronic excitation. This 
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interaction occurs within a pico-second. The energy associated with the electronic 

excitation is then transferred to the material through electron- phonon coupling, which 

takes less than a nanosecond. This conversion of photon energy to thermal energy results 

in rapid localized heating, melting and evaporation of the surface layer. The thickness of 

the evaporated material is given by : 

Δxi = 
TCH
EER

v

th

Δ+Δ
−− ))(1(

 ………………………………… (4.1) 

where, Δxi, R, ΔH, Cv, and ΔT are the evaporated thickness, reflectivity, latent heat, 

volume heat capacity, and the maximum temperature rise, respectively. Here Eth is the 

threshold energy beyond which appreciable material evaporation takes place. This 

equation is valid for materials where the thermal diffusion distance τD2  is larger than 

the absorption length, (1/αt), of the laser beam in the target material. In the case of 

metallic and small band-gap materials this condition is satisfied. But for 1/αt > τD2 , 

the thermal diffusivity no longer plays a role in the evaporation of the material, and the 

evaporated depth depends on the absorption length, (1/αt) of  the laser beam in the target 

material. This will happen for materials with small thermal diffusivities and absorption 

coefficients such as polymers and insulators. Evaporation of ZnO follows equation (4.1) 

since the laser solid-interaction occurs in the first few monolayers. The material 

properties change with temperature and energy density, hence the values of Δxi and Eth 

also change with the energy density. Thus, Eth not only depends on material parameters 

but also on laser parameters. 
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b) Interaction of laser beam with evaporated material : The high temperature, generated 

by the laser beam – target material interaction, induces the emission of positive ions and 

electrons from the free surface. The absorption of laser energy into the plume occurs by 

an inverse Bremsstrahlung process that involves the absorption of a photon by a free 

electron. The absorption coefficient of the plasma is given by [16]: 

αp = 3.69 x 108
⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
35.0

23

νT
nZ i (1 – e(-hν/kT)) …………………………………… (4.2) 

where, Z, ni and T are the average charge, ion density, and temperature of the plasma, 

respectively, and h,k, and ν are the Plank constant, Boltzman constant, and the frequency 

of  the laser beam respectively. The term (1 – e(-hν/kT)) represents the losses due to 

stimulated emission. Since the absorption of the plasma is proportional to  ni
2, the plasma  

will absorb the largest fraction of the laser beam  close to the target surface since the 

particle density of the plume is more concentrated there. The very high expansion 

velocities (105-106 cm/sec) of the plume results in the plasma density decreasing rapidly 

as one moves away from the target surface. As new particles then augment the plasma 

near the target, a thin region forms near the target surfaces which absorbs most of the 

laser radiation. A self regulating feedback kind of mechanism between the plasma 

absorption coefficient and the rapid transfer of the thermal energy into kinetic energy 

establishes the isothermal temperature near the target surface. These complex processes 

result in a plasma particle density that can be approximated by a Gaussian profile that 

decreases away from the surface of the target. Figure 4.3 shows a schematic of this 

profile. The interaction between the laser beam and the evaporated material resulted in 
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highly energetic species having energies in the range 10-100 eV and temperatures of the 

order of 2x104K [16-18]. 

 

Figure 4.3: Distribution of density (n), pressure (p) and expansion velocity (v) of 
plasma as a function of distance in the perpendicular direction from the target 

surface.[16] 
 

c) Adiabatic plasma expansion and deposition of the film: After termination of the laser 

pulse, an adiabatic expansion of the plasma occurs. The basic gas equation for adiabatic 

expansion can be applied to the expanding plasma. 

T[X(t) Y(t) Z(t)] γ-1 = const ………………………………….. (4.3) 

Here γ is the ratio of specific heats at constant pressure to that at constant temperature. In 

the adiabatic expansion regime, the plasma temperature drops continuously as the 

expanding plasma attains very high expansion velocities (10 times higher than the 

velocity of sound). The increase in velocity takes place by conversion of the thermal 

energy into kinetic energy. Once the thermal energy is converted into kinetic energy, 
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there is not enough energy left to sustain the plasma and the plasma elongates in the 

shorter dimensions and retains this profile during the deposition process. In Figure 4.4 

(a,b) it is shown that initially the plasma is larger in the Y direction than in the Z 

direction, thus the plasma would accelerate more along the Z direction. As the plume 

expands adiabatically, the resulting shape of the plasma is as shown in Figure 4.4 b with 

Z-axis as the major axis. Since the plasma dimension is the smallest along the 

perpendicular direction, the acceleration is maximum along this dimension giving rise to 

a characteristic forward directed shape to the plasma.  

 

Figure 4.4: Schematic of (a) initial shape of the plasma at the end of the laser pulse, 
(b) final shape of the plasma after the adiabatic expansion (i.e. before it strikes the 

substrate)[16] 
 

a) 

b) 
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The various laser parameters that govern the properties of the thin films deposited by 

PLD are laser fluence, irradiated spot size, substrate–target distance etc. A detailed 

treatment of the PLD technique describing the effect of each of these parameters on the 

film properties (spatial thickness, compositional variation, atomic velocities, etc) and the 

various models which predict the experimental observations can be found in Ref  16. 

4.1.3 Strengths and weaknesses 

The most important feature of the PLD is the high energy (10 eV-100 eV) of the ablated 

species. In comparison, the average kinetic energies of the impinging atoms in MBE are 

~ 0.1 eV and that of the species in sputtering are of the order of a few eV. The high 

energy of the ablated species allows growth of high-quality thin films at relatively low 

temperatures thus, greatly improving the thermal budget of the process. Using PLD even 

epitaxial films can be grown at relatively low temperatures ( ZnO films at < 400 0C)[19]. 

The lower growth temperature also reduces the possibility of clustering of dopants and 

evaporation of elements with high vapor pressure. The forward-directed nature of the 

plume results in high deposition rates. Film growth by PLD consists of periods of high 

deposition rate (ms to ns in the time scale) followed by periods of no deposition ( tenths 

of seconds in the time scale), which allows for surface relaxation and improved film 

morphology. The forward directed nature also ensures minimum contamination from the 

chamber atmosphere and helps in preserving the stoichiometry in case of multicomponent 

targets. The pulsed nature of the PLD allows the film thickness to be controlled precisely 

by varying the pulse repetition rate.  Using the laser as the sole heating source also makes 

PLD an extremely versatile technique in terms of the material applicability, since at a 
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wavelength of 250 nm and below, virtually all material absorb the laser beam either via 

linear or nonlinear processes. Therefore, almost all materials, including metal, ceramics 

and polymers can be deposited by PLD as long as an appropriate laser is available.  

The non–equilibrium nature of the PLD growth process permits the growth of novel 

materials having metastable phases and introducing dopant concentrations in excess of 

the thermodynamic limits (e.g. up to 10% Cu in ZnO). In addition, the minimal 

interaction between the laser and the gas species allows a relatively high dynamic range 

of deposition pressure and relaxes the requirements for the vacuum system. Also, the 

spatial confinement of the laser-target interaction and the subsequent confined 

evaporation in the PLD makes the process relatively clean. The ease of manipulation and 

handling of the laser source compared to electron or ion beam deposition techniques also 

makes it a simpler deposition method.  

The major drawback in the PLD technique is the non-uniform distribution and/or spatial 

thickness variation. The forward-directed plume is responsible for the spatial thickness 

variation in the films grown by PLD. The spatial variation of film thickness is given by 

cospθ, where θ is the angle between the radial vector and the surface normal to the plane 

of the target and p is the exponential factor varying between 8-12 depending on laser 

fluence, irradiated spot-size, etc. By comparison, the thickness variation in case of 

thermal processes is cosθ, thus, leading to much more uniform films. But this observed 

variation in film thickness is really only of concern only for large substrates. For smaller 

samples (1” x 1”), one can achieve fairly uniform growth by controlling the deposition 
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parameters such as laser fluence, substrate – target distance and spot size. Most of the 

substrates used to grow films in this work were smaller than 1 cm x 1 cm. For larger 

substrates, different techniques like rastering of the laser beam or translation and rotation 

of the substrate must be adopted to improve film uniformity. The rastering and target 

movement can be designed to overlap cospθ profiles creating uniform thickness of films. 

4.1.4 Thin film growth by PLD 

Thin film growth mainly involves two critical steps : nucleation and growth. On arrival at 

the substrate the species undergo a series of different events including deposition, surface 

diffusion, bonding, etc. Figure 4.5 schematically shows the various processes that occur 

during the early stages of deposition [20]. They compete with each other and effect the 

nucleation and growth of the films.  

 

 

Figure 4.5: Schematic diagram of atomic processes during the thin film growth with 
(a) deposition, (b) surface diffusion, (c) nucleation, (d) addition to existing clusters, 

(e) dissociation of clusters, and (f) evaporation. 
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Interaction between the substrate and the film adatoms play a critical role in determining 

the film morphology. There are three different growth modes in thin film growth on 

which influence the film morphology is dependent. The growth modes depend on the 

deposition and thermodynamic parameters. Figure 4.6 shows a schematic of the three 

different growth modes. 

 

Figure 4.6: Schematic diagram of the three crystal growth modes: Frank-van der 
Merwe (layer-by-layer growth), Volmer-Weber (island growth), and Stranski-

Krastanov (layer-by-layer plus island) 

1) Frank – van der – Merwe ( layer – by layer growth, F-M) : 

Here again nuclei are formed at the very beginning similar to V-W mode, but they 

immediately grow into 2-dimensional islands (one monolayer in height). The first atoms 

to arrive on the substrate would form a continuous monolayer film on the substrate before 

the second layer is built. This mode is observed in many systems showing homoepitaxy, 

such as metal on metal, semiconductor on semiconductor. The thermodynamic condition 

for achieving layer by layer growth is: 
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σs ≈ σf + σint …………………………….(4.4) 

where, σs is the surface free energy of the substrate, σf is the surface free energy of the 

film, and σint is the interfacial energy between the substrate and film. 

2) Volmer – Weber (Island growth, V- W) : 

In this mode, the small clusters are nucleated directly on the substrate and then continue 

to grow to form 3-dimensional islands on the substrate. As the deposition progresses, 

neighboring islands coalesce together to form a single continuous film, but not before the 

islands are several mono layers thick. This mode is observed in many systems of metals 

grown on insulators. The thermodynamic condition to achieve island growth mode is : 

σs < σf + σint …………………………….(4.5) 

3) Stranski – Krastanov mode (layer – by – layer followed by island growth, S – K): 

This growth mode involves formation of a continuous film at the beginning just like the F 

– M mode, but at later stages the 3-dimensional island growth mode takes over. Hence, 

the islands are formed on a wetting layer, rather than directly on the bare substrate as 

occurs in the V  - W mode. Although the reason for change of growth mode is not very 

well understood, but it has been speculated that the built in strain might be responsible. 

This mode has been observed in some heteroepitaxial semiconductor systems, where a 

small lattice mismatch exists.  The thermodynamic condition for achieving S - K growth 

is : 

σs > σf + σint …………………………….(4.6) 

Usually, the growth of epitaxial films requires high deposition rates and enough atomic 

mobility on substrate, since these conditions are conducive for layer–by–layer growth 
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[21]. Thus, 2-dimensional growth at high temperatures results in high quality epitaxial 

films according to the principle of domain matching epitaxy (DME), which will be 

discussed in the next section. The high energy of the ablated species in PLD will thus 

facilitate the growth of high quality epitaxial films following DME. 

4.1.5 Principles of domain matching epitaxy  

The epitaxial growth of thin films and minimum defect density in thin film 

heterostructures are essential for next–generation microelectronics, optical and magnetic 

devices [22-24]. With the devices getting smaller, even single dislocations can affect 

device performance. In the conventional lattice matching epitaxy (LME) for low lattice 

misfit systems (< 7 -8 %), films will grow pseudomorphically up to a “critical thickness” 

where it then becomes energetically favorable for nucleation of dislocations [25]. The 

dislocations are created at the film surface and then must glide down to the film-substrate 

interface. Hence, the burgers vector and planes of the dislocations are determined by the 

slip systems of the thin films. But during 3-d island growth, the dislocations are generated 

at the edge of the islands during island coalescence and lie in the plane of the film surface 

interface. Here the geometrical constrains determine the burger vectors and planes of 

these dislocations. Conventionally it was presumed that films would grow epitxially by 

LME when lattice misfit between the film and the substrate is less than 7-8 %. At higher 

misfits it was surmised that films would grow textured or polycrystalline. 

But, contrary to this, it was shown by Narayan et al.[26] that films having a large lattice 

misfit (> 7 – 8 %) with the substrate can also grow as single crystal epitaxial films by 

DME. Under this film growth paradigm, epitaxial film growth occurs by matching of 
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integral multiples of lattice planes across the film-substrate interface, where the size of 

the domain is an integral multiple of planar spacings. For the film and substrates having 

similar crystal structure, the matching of lattice planes reduces to matching of lattice 

constants. For small misfit systems, DME reduces to LME. 

In DME, the matching planes across the interface need not necessarily involve the same 

crystallographic planes for the film and the substrate. The misfit between the film and the 

substrate is accommodated by matching of integral multiple of planes, with one extra half 

plane (dislocation) existing in each domain. The accommodated lattice misfit can range 

from very small to very large values (1-50 %). If the misfit cannot be accommodated by a 

perfect integral matching of lattice planes, then two domains of different size can vary 

alternately with a specific periodicity. The matching of integral multiples of planes 

results in a residual misfit εr which is defined by: 

εr =  (mdf/ nds -1) ………………………………….. (4.7) 

where, m planes of film with planar spacing match with n planes of  substrate with planar 

spacing ds. For perfect matching mdf  =  nds and εr is zero. For finite εr , two domains 

alternate with a frequency factor α such that :  

(m + α) df = (n + α) ds …………………………………….(4.8) 

Assuming df  > ds  , we have n > m. Thus :  

n – m = 1 or f(m) ………………………………………….(4.9) 

Combining equations (4.7) through (4.9) we get  

(m + α)εr = 1 or f(m)………………………………. (4.10) 
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This equation governs the domain matching epitxay. Figure 4.7 shows a unified plot of 

strain vs film-substrate planar spacing ratio. The LME region was found to be above 

12/13 ratio or below about 7.7 % strain .Here n – m =1 for ε = 0 – 50% and n – m = f(m) 

for ε = 50 – 100%. The basic assumption underlying the DME model is that complete 

relaxation strain takes place within the first couple mono layers without any dislocation 

barrier. Ref  26 provides a detailed discussion of the DME model and  also provides 3 

case studies of different film/substrate systems. In this dissertation single crystal ZnO 

films have been grown epitaxially on sapphire. The next section briefly discusses the 

DME of ZnO on sapphire. 

 

Figure 4.7: Unified plot of strain versus film-substrate planar spacing ratio [26] 
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4.1.6 Epitaxial growth of ZnO on sapphire by DME 

The growth of high quality ZnO (having wurtzite hexagonal structure, a = 3.252 Ǻ, c = 

5.213 Ǻ) on a practical substrate like sapphire (a = 4.758 Ǻ, c = 12.991 Ǻ) presents a 

great challenge due to the large misfit. This can be achieved by DME, where the misfit is 

accommodated by matching of planes. Using PLD, high quality single crystal ZnO films 

were grown epitaxially on sapphire. Figure 4.8(a) shows a HRTEM image of the 

ZnO/sapphire interface where the ZnO film plane is (2
_
1

_
10) and the sapphire plane is 

(01
_
10). Figure 4.8(b) showing a Fourier – filtered image demonstrates the matching of 5 

or 6 (2
_
1

_
10) planes of ZnO with 6 or 7 (01

_
10) planes of sapphire. The diffraction pattern 

in Figure 4.8(c) shows the following epitxial relationship between the film and the 

substrate: ZnO [01
_
10] ║ Sapphire [2

_
1

_
10] and ZnO [0001] ║ Sapphire [0001]. This 

epitaxial relationship suggests that the c plane of ZnO is rotated by 30 or 90 0 with 

respect to the basal plane of sapphire as shown in Figure 4.8(d). Therefore, we have 

matching of aZnO planes with asap/ 3 . Hence, we see that there is almost a perfect 

matching for α = 0.5, as 5.5 x aZnO ≈ 6.5 x (asap/ 3 ). This gives a planar misfit of 15.44 

% which lies between 5/6 and 6/7 plane matching. 



 75

 

Figure 4.8: a) High resolution TEM x-section with (0110) foil plane of sapphire and 
(2110) plane of ZnO showing DME in ZnO/ α-Al2O3 (Sapphire) system b) Fourier-

filtered image of  matching of  (2110) ZnO and (303 0)  sapphire planes with a 
frequency facto (α = 0.5) for 5/6 and 6/7 domains c) corresponding electron 

diffraction pattern showing the alignment of planes in ZnO and sapphire and d) 
schematic of arrangement of atoms in the basal plane of ZnO and sapphire. 

 

Thus, we see that by DME it is possible to grow epitxial thin films even in system having 

large misfit. In systems like ZnO/sapphire the misfit is relieved within a couple of 

monolayers by formation of dislocations. The misfit strain is confined near the interface 

if the film growth occurs by 2D growth mode. The burgers vectors of the dislocations are 

dictated by the geometrical constraints and not the slip systems. These dislocations are 

confined to the film/substrate interface and can be completely removed if the growth 
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mode is 2D. For 3D growth, the dislocations might not negotiate the island coalescence 

process successfully to extend across the entire length of the film interface, leading to 

formation of threading dislocations. Therefore, controlling the growth process is critical 

to minimizing threading dislocation densities.  The density of defects can be controlled 

and confined to the interface within the framework of DME. Compared to DME, in LME 

the dislocations must be generated at the free surface and then glide down to the 

interface.  This leads to high density of threading dislocations in the active region [27]. 

Since dislocation glide is highly restricted in oxide systems film relaxation becomes very 

difficult. Thus, DME actually better quality grows films in larger misfit situations.  This 

results in fewer defects in the active region and virtually strain free films compared to 

films grown by conventional LME.  

4.2 Thin film characterization 

The thin films grown by PLD in this study were characterized for the following 

properties:  

1) Structural characterization by X-ray diffraction (XRD) 

2) Micro structural characterization by transmission electron microscopy (TEM) 

3) Electrical properties by four-point probe technique and Hall measurements. 

4) Magnetic and Magneto transport properties by superconducting quantum 

interference device (SQUID) and physical property measurement system (PPMS). 

5) Chemical analysis by X-ray photoelectron spectroscopoy(XPS). 

6) Optical properties by absorption/transmission spectroscopy. 
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In the following sections we discuss about the characterization techniques mentioned 

above. 

4.2.1 X-ray diffraction  

X-ray diffraction (XRD)[28] is a very important nondestructive characterization 

technique to check the crystal structure of solids, including lattice constant, identifying 

unknown materials, orientation of single crystals, preferred orientation of thin films, 

defects, stress, etc. XRD measurements in this dissertation was carried out using a Rigaku 

x-ray diffractometer with Cu Kα radiation and Ni filter.The basic principle behind the 

functioning of XRD is that, when a parallel and monochromatic X-ray beam with a 

wavelength λ and angle of incidence θ is diffracted by a set of planes, oriented in specific 

directions, there are sharp peaks corresponding to the spacing between the planes d, when 

the conditions of the Bragg’s law are satisfied: 

 

2d sin θ = n λ ……………………………….. (4.11) 

The peaks are characteristic to the crystal structure of the material, which determines the 

diffraction pattern and the relative intensities between the different reflected lines. The 

relative intensity of the diffracted beam can be written as : 

I = │Fhkl│2 p ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
θθ
θ

cossin
cos1

2

2

 …………………………………… (4.12) 

 

In this equation, Fhkl is the structure factor which is an extension of the atomic scattering 

factor, given by: 
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Fhkl = ∑
−

N

n 1

fn exp {2πi (hxn + kyn + lzn)}………………………………………(4.13) 

 

where fn is the atomic scattering factor and (hkl) are the plane indices. In equation 4.12, p 

is the multiplicity factor representing the relative proportion of the planes contributing to 

the same reflection. The whole term in the brackets is called Lorentz polarization factor. 

 

The three kinds of measurement strategies for detecting the intensity of diffracted 

x- ray beam in the diffractometer method are :  

 

1. Fixed crystal and fixed detector. 

2. Moving crystal and fixed detector, in which the crystal is rotated slowly through 

its reflecting range about the detector axis (ω scan), while the detector is 

stationary at the appropriate 2θ angle. 

3. Moving crystal and moving detector, in which the crystal and detector are suitably 

coupled for each reflection, and both rotate around the diffractometer axis (ω, 

2θscan).  

Figure 4.9 shows the schematic diagram of X-Ray 2θ scan  
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Figure 4.9: Schematic diagram of X-Ray 2θ scan 

 

 Advantages of X-ray Diffraction are: 

1. It is a non-destructive technique. 

2. It is fast and convenient. 

3. It provides information over a wide area of the material. 

Disadvantages of X-ray Diffraction are :  

1. Detection of component present in very minute quantities (<5%) is difficult. 

2. Detection of small sized particles like nano-clusters and nano-precipitates is 

difficult. 

3. Nanoscale atomic information like local environment or oxidation state of dopant 

can’t be determined. 

4.2.2 Transmission electron microscopy (TEM)  

Due to the limitation of XRD in detecting the presence of particles in small quantity and 

identifying the local structure, for more detailed microstructural characterization one 
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must to resort to TEM [29] . In this dissertation TEM analysis was done using a  JEOL-

2010 field-emission transmission electron microscope equipped with GIF (Gatan Image 

Filter) tuning attachment. This is the most effective and direct technique available for full 

atomic scale characterization of a material. Also, while XRD can provide the texture 

perpendicular to the substrate plane, TEM can also reveal the inplane orientation of an 

epitaxial thin film with a substrate.  

The spatial resolution obtainable from the TEM, which is directly proportional to the 

wavelength of the probing beam, is comparable to atomic spacings. The wavelength of an 

electron beam accelerated with a voltage V is given by : 

λ = 
eVm

h

02
 ……………………..(4.14) 

For a 200 KeV electron beam, the wavelength can be as small as 0.03 Ǻ, but the actual 

resolution obtainable in a JEOL 2010 TEM is about 0.16 nm in high resolution Z-contrast 

mode and 0.18 nm in high resolution TEM mode. This arises due to spherical aberrations 

and stigmatism. In a TEM the electrons generated by an electron gun are accelerated by a 

high voltage (200 KeV) and focused using multiple electromagnetic lenses. The electron 

beam then interacts with the material of the TEM sample and the resulting images are 

captured using a CCD camera or on a film. The electron source in the JEOL 2010 TEM is 

a field emission gun and images can be obtained both on films and the CCD camera. 

Advantages of TEM:  

1. It is a high resolution (0.18 nm) direct imaging technique, 

2. Selected area diffraction can provide accurate crystal structure information. 
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3. It allows us to determine burgers vectors of dislocations. 

4. The information about the local environment of the elements in a material in 

terms of oxidation and bonding states can be obtained. 

Disadvantages of TEM: 

1. It is a very expensive and destructive technique. 

2. Some materials are sensitive to electron beam radiation 

3. Sample preparation is time consuming and cumbersome and the region of analysis 

is very small. 

In this dissertation the following analysis was done using a TEM : 

1. Conventional diffraction contrast imaging (Bright field and Dark field 

imaging) 

2. Selected area electron diffraction (SAED) 

3. High resolution TEM (HRTEM) 

 

a) Bright field and Dark field Imaging: In diffraction contrast imaging, first a 

condition called 2-beam condition has to be reached using the diffraction pattern. 

To get a 2-beam condition, the sample is tilted until only one spot corresponding 

to a chosen g-vector other than the central spot (000) appears. This is done usually 

in the kikuchi pattern by tilting the sample so that the “deficient” line of one of 

the pairs of the kikuchi lines is brought to the center. Then an objective aperture is 

inserted on the transmitted beam to obtain the Bright field image. Dark field 

image is obtained by further tilting of the sample to have the diffraction spot at 
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the centre and in the objective aperture. The bright field and dark field imaging 

gives opposite contrast - in a bright field image the vacuum is bright and vice 

versa for a DF image. 

b)  High resolution TEM: This is an imaging technique where an atomic resolution 

image is formed by the “phase contrast” technique which relies on the  difference 

in phase among the various electron beams scattered by the sample to produce 

contrast. The main requirement here is a highly coherent and monochromatic 

electron beam. It is very important to reach the correct focus given by the contrast 

transfer function to obtain the best resolution. This is called the “Scherzer 

defocus” which is typically an underfocus value. After getting to the Scherzer 

defocus, one has to minimize the objective astigmatism to obtain atomic scale 

HRTEM image. 

Cross section TEM sample preparation: The preparation of all cross section TEM 

samples in this work were carried out using the following steps : 

a) Stick two pieces together, with the film sides facing each other using a M-

bond glue. 

b) Grind the sample to level the top surface. 

c) Polish the first side using a series of diamond polishes with decreasing 

particulate size. 

d) Flip the sample over and grind to a thickness of 100 microns. 

e) After this the sample is reduced to a thickness of 35-40 microns using 

diamond polishing. 
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f) The sample is dimpled such that the dimpled region is thinned to about 10-15 

microns. 

g) A precision ion polishing system (PIPS) is used to create a small hole near the 

interface of the film and the substrate by bombarding with Ar+ ions. Within 

the dimpled region we get a very thin region (10-100 nm in thickness) which 

is electron transparent and can be viewed in the TEM. 

4.2.3 Magnetic characterization using SQUID 

The superconducting quantum interference device (SQUID)[30,31] is a Josephson 

junction which consists of a split superconducting ring that contains a thin insulating gap. 

The two superconductor sections separated by a thin insulating layer can experience 

tunneling of Cooper pairs of electrons through the junction. There are two types of 

SQUIDs: a) Alternating current (AC or RF) having one Josephson junction and b) Direct 

current (DC) having two Josephson junctions. The DC SQUID is more sensitive than the 

AC squid. The principle of the DC SQUID is that the wavefunctions for the Cooper pairs 

of electron tunneling across the two Josephson junctions in the DC SQUID can undergo 

quantum mechanical interference that depends on the applied magnetic field present in 

the loop. If a constant biasing current is maintained in the SQUID device, the measured 

voltage oscillates with the changes in phase at the two junctions and depends upon the 

change in the magnetic flux. Thus, by counting the oscillations one can measure the flux 

change that has occurred. The minimum magnetic field that can be measured using a 

SQUID is of the order of 10-14 Tesla. Figure 4.10 shows a schematic of a Josephson 
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junction used in a SQUID magnetometer. In this dissertation all of the magnetic 

measurements were done using a Quantum Design Magnetic Property Measurement 

System (MPMS). 

 

Figure 4.10: A schematic of a Josephson Junction in a SQUID [30] 

The magnetic properties measured using SQUID magnetometer were :-  

1. Magnetization vs Applied field (Hysteresis) :- Here a magnetic field is 

applied and swept from zero up to a positive value such that saturation 
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magnetization is reached and then back through zero to a negative value and 

then back to the positive value through zero field. The parameters obtained 

from hysteresis measurement are coercivity (Hc), saturation magnetization 

(Ms) and saturating field (Hs). 

2. Field cool(FC) Magnetization vs Temperature measurements : Here, the 

sample is cooled from 300 K under an applied field (FC) to 5K and then 

heated back to 300 K under the same applied field. During the heating cycle 

the magnetization is measured as a function of time. This technique provides 

information of any transition in magnetic behavior like the Curie temperature 

(Tc). 

3. Zero field cool Magnetization vs Temperature measurements : Here, the 

sample is first heated above the magnetic blocking temperature and then 

cooled down to a low temperature(~5K) without applying any field. Then at 5 

K a field is applied and the sample is heated under the applied field to 300 K 

and magnetization is measured as a function of time. The FC and the ZFC 

curves will depart at the blocking temperature if some precipitate or nano-

clusters are present. This departure is a signature of both a secondary phase 

and a superparamagnetic phase. 

Magnetoresistance(MR) measurements involving measurement of magnetoresistance 

(MR) on the various DMS samples were done using a Quantum Design physical property 

measurement system (PPMS) equipped with a SQUID coil. The magneto resistance is 



 86

measured using a four point probe configuration in the presence of an applied magnetic 

field. The four point probe technique is described in the next section. 

4.2.4 Electrical characterization 

The electrical resistivity measurements of the thin films were carried out using a four 

point probe technique [32]. The four point probe method is a standard technique for 

resistivity measurement of both bulk and thin film samples. The sample resistivity is 

defined as : 

ρ =  
σ
1  = 

)(
1

pn pnq μμ +
 ……………………………..  (4.15) 

where, σ, q, n, p, μn , μp are the conductivity, charge, electron concentration, hole 

concentration, electron mobility and hole mobility, respectively. Here the four probes are 

made to contact with the film in a collinear fashion with uniform spacing between them. 

The outer two probes are used to pass current and the inner pair measures the resultant 

voltage drop. The resistivity of the DMS thin films can be measured accurately using a 

four – probe technique because it eliminates the measurement errors arising due to probe 

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

each metal probe and the sample. A schematic of the four–probe resistivity measurement 

set up is shown in Figure 4.11. 
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Figure 4.11: A schematic of four-point probe measurement of electrical 

resistivity[33] 

 

In case of thin film samples where the sample thickness is much smaller than the spacing 

between the probes, the current profile in this scenario can be considered to be rings. The 

resistance would be given by:  

dR = ρ
A
dl  ……………………….. (4.16) 

where, dl = dx, and A = 2πxt 

The total resistance would be the integral of the above term from s to 2s, where s is the 

spacing between two probes. Thus the total resistance is given by: 

R = ρ
tπ2
2ln  ……………………………. (4.17) 

For a current I passed through the sample, if the voltmeter measures a voltage V, then, 

the resistance would be R = V/2I and hence, the sheet resistivity of the thin film sample 

would be given by: 

ρ = ⎟
⎠
⎞

⎜
⎝
⎛

I
Vt

2ln
π ……………………………………….. (4.18) 
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The sheet resistance is expressed as Rs = ρ/t. where t is the film thickness. Therefore the 

sheet resistivity of the thin film material would be obtained as ρ = Rs t. In this dissertation 

all the four point probe resistivity measurements have been carried out in the temperature 

range 15 – 300 K, where the samples were cooled to 15 K using a cold stage that is 

cooled using a He cryostat that recycles compressed He. 

In order to understand the role of free carriers in mediating the ferromagnetic ordering 

between localized 3d spins it was essential to obtain carrier concentration and mobility. 

This was done by performing Hall measurements at room temperature using an “Ecopia 

Hall Measurement System” employing the van der Pauw [34] method. The basic physical 

principle underlying the Hall effect is that the Lorentz force exerted on the charge 

carriers, in the presence of a magnetic field, leads to the development of a Hall Voltage 

[35]. When an electron moves along a direction perpendicular to an applied magnetic 

field, it experiences a force acting normal to both the motion of the electron and the 

magnetic field and moves in response to this force and the internal electric field. Figure 

4.12 shows the schematic of a n-type bar where the majority carriers are electrons. The 

current flows from left to right along the x – axis in the presence of a magnetic field 

directed along the z-axis. Electrons subject to the Lorentz force initially drift away from 

the current line toward the negative y-axis, resulting in an excess surface electrical charge 

on the side of the sample. This results in the Hall voltage (VH) across the two sides of the 

sample which is given by: 

VH = 
end
IB  ……………………………….. (4.19) 
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Where, I, B, e, n and d are the current, magnetic field, electron charge, electron density 

and thickness of the material respectively. Therefore the carrier density is given by: 

n = 
HedV

IB  ………………………………………….. (4.20) 

The Hall mobility of the carriers can be determined once we know the carrier density and 

the resistance by using the following relation: 

μ = 
enR

1  …………………………………………….. (4.21)  

 

 
 Figure 4.12: A schematic showing hall effect in an n-type bar where the majority 

carriers are electrons [36] 
 

4.2.5 Chemical characterization: x-ray photoelectron spectroscopy 

X-ray Photoelectron Spectroscopy (XPS) is a quantitative spectroscopic surface chemical 

analysis technique also known as Electron Spectroscopy for Chemical Analysis 

(ESCA)[37]. It can be used to perform the following surface (up to 10 nm) analysis: 

1. Detection of elements (except H and He) with concentrations > 0.1 – 1 % 
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2. Quantitative analysis of sample composition within a few %( error < 10%) 

3. The chemical or oxidation state identification of one or more of the elements in 

the sample. 

4. Measure the uniformity of elemental composition as a function of ion beam 

etching (depth profiling) – a) non-destructive < 10 nm, b) destructive ~ several 

hundred nanometers by Ar+ ion sputtering. 

5. Measure the uniformity of elemental composition across the top surface (line 

profiling or mapping) with a lateral resolution of few μm – mm. 

In this dissertation a Riber LAS-3000 instrument with a Mg Kα x-ray source (wavelength 

of 9.89 angstroms (0.989 nm) corresponding to a photon energy of 1253 eV)[38] was 

used mainly to determine the composition of the DMS films, chemical state of the 

dopants and bonding characteristics of the various atoms. A determination of the 

oxidation state of Cu in the ZnO was very essential in this study to determine whether it 

would provide localized 3d electron spins needed to produce ferromagnetism in the ZnO 

DMS films. Also, the analysis of bonding state of the oxygen atoms in both the as-

deposited and annealed films gave insight about the relative concentration of native 

defects like oxygen vacancies, which appear to play an important role in determining the 

ferromagnetic properties, in the film. Since the XPS peaks due to different oxidation 

states of Cu and different bonding states of O overlap, a CASA software with a Shirley fit 

routine for background correction has been used to deconvolute the peaks. Caution must 

be taken while assigning peak positions due to peak splitting (spin–orbit doublets, 

multiplet splitting and their relative fractions) and instrumental corrections (work 
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function and peak broadening). The C 1s peak is used as reference to correct instrumental 

errors. For all the samples, the sample surface was sputtered with Ar+ ion for ~ 2 min to 

remove surface impurities. 

In XPS, X-Ray irradiation of a material under ultra-high vacuum (UHV) leads to the 

emission of electrons from the core orbitals of the surface elements present in the top 10 

nm of the material being analyzed. The binding energy of the emitted photoelectron can 

be determined from the following equation: 

hν= KE + BE + Φs ……………………… (4.22) 

where, hν is the energy of the incident radiation, KE is the kinetic energy of the 

photoelectron as measured by the instrument, BE is the binding energy of the orbital from 

which the electron is ejected and Φs is the work function of the instrument. The binding 

energy of the electrons reflects the local environment of the specific surface elements 

from which they are ejected. Thus, any shift observed in the peak position can be 

correlated with a change in oxidation state, bonding strengths, etc. The number of 

electrons reflects the proportion of the specific elements on the surface. To count the 

number of electrons at each KE value, with the minimum error, XPS must be performed 

under ultra-high vacuum (UHV) conditions because electron counting detectors in XPS 

instruments are typically one meter away from the material irradiated with X-rays. The 

emitted photoelectrons are energy separated and detected by a complex energy analyzer. 

The photoelectrons passing through the energy analyzer are deflected by the electrostatic 

field and leave the analyzer at a specific position depending on its energy. A 

hemispherical energy analyzer, consisting of two concentric hemispheres with a steady 
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voltage (Δ V) applied across them, is one of the most commonly used analyzers [39]. 

This potential is such that the potential at the centerline of the two hemispheres is 

constant. This potential is referred to as the pass energy. The resolution is found to be 

better for low pass energy, but this condition results in weaker signal strength of the 

photoelectrons. As most of the experiments are carried out at a constant pass energy, the 

resolution of the analyzer also remains constant. In this work, a pass energy of 100 eV 

has been used for the survey spectrum giving a resolution ~ 2 eV. For the high resolution 

scans of the peaks of the various constituent elements a pass energy of 20 eV has been 

used which gave a resolution of 1 eV or better. The electrons exiting the hemispherical 

analyzer are then detected by a multi channel detector also called the electron multiplier. 

A schematic of the different processes and instrumentation used in a typical XPS 

measurement is shown in Figure 4.13. 

 
 

Figure 4.13: Schematic of the experimental set-up of the XPS instrument [40] 
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4.2.6 Optical characterization: absorption/ transmission spectrophotometry 

The absorption/ transmission measurements [41] are done on a material to determine the 

different electronic and optical transitions in the material and the band gap of the 

material. When an incident light falls on a material a part of it is reflected, a part 

transmitted and the rest absorbed. The absorption occurs when the energy of the incident 

photon is absorbed by the electron that is then promoted to a higher energy level. The 

absorption coefficient α of any material can be defined in terms of change in intensity of 

a monochromatic beam as a function of the distance traversed in the medium: 

 

I (λ) = I0(λ) e-α(λ)x …………………………. (4.23) 

The absorption coefficient is dependent on the wavelength of the incident light. All the 

light is transmitted when the energy of the incident beam is less than the energy of 

available transitions (e.g. transitions associated the band gap Eg or a mid-gap states). As 

soon as the energy of the incident photon is equal to that of a transition, the beam is 

absorbed by the material. When reflection is negligible, the most common method to 

determine the absorption coefficient as a function of the wavelength is to measure the 

transmittance of the film as a function of the wavelength of the incident beam in the 

optical range of interest. The transmittance, T (λ), of the film is defined as the ration of 

intensity of the transmitted beam to that of the incident beam: 

T (λ) = 
)(
)(

0 λ
λ

I
I  ……………………………  (4.24) 

Using equations (4.23) and (4.24) we get 



 94

T (λ) = e-α(λ)d……………………………… (4.25) 

Thus, if the thickness of the film, d, is known, then the absorption coefficient can be 

determined. In this dissertation, the transmission measurements of the films were done in 

the range 200- 900 nm using a Hitachi UV 3010 UV-Visual spectrophotometer. Figure 

4.14 shows the schematic layout of the spectrophotometer. The spectrophotometer has 

two continuous light sources:1) W lamp for the visible range (320 – 900 nm) and 2) a 

deuterium lamp for the UV range (200 – 320 nm). The incident light is first split into a 

monochromatic beam by a pre-monochromator before being incident on the sample. The 

transmitted beam is then passed through the main monochromator and its intensity is 

measured by a photomultiplier. A sapphire substrate is used as a reference to obtain the 

absorption/transmittance spectra of the film relative to the substrate. 

 

Figure 4.14: Schematic lay out of the different parts in the Hitachi – 3010 
absorption/transmission spectrophotometer. 
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5 Chapter 5: Room temperature ferromagnetism in 

Zn1−xCuxO thin films 

(Published in Applied Physics Letters, 90, 062504 (2007) 

5.1 Abstract 

Here we report on the epitaxial growth and properties of Zn1−xCuxO [x=0.01-0.1] thin 

films deposited onto sapphire c-plane single crystals using pulsed laser deposition. XRD 

and HRTEM were employed to study the epitaxial growth relationship between the 

Zn1−xCuxO film and its substrate, and XPS was used to establish the bonding 

characteristics and oxidation states of the copper within the ZnO host. Room temperature 

ferromagnetism was observed in the Zn1−xCuxO films with net magnetic moment per Cu 

atom decreasing with increasing Cu content. The presence of any magnetic second phase 

was ruled out using HRTEM. Thus, the ferromagnetism was attributed to Cu ions 

substituted directly into the ZnO lattice. 
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5.2 Introduction 

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

extensive search for materials where the semiconducting properties can be integrated 

with new magnetic properties to realize novel spin-based devices [1,2]. Under this 

concept both the charge and spin of the electron is used to bring about a host of unique 

properties. Recent studies have found III-V and II-VI based dilute magnetic 

semiconductors (DMS) to be promising materials for these spintronic applications [3]. 

Early theoretical studies by Dietl [4] predicted that transition-metal-doped p-type ZnO 

might display Curie temperatures above room temperature.  In fact, room temperature 

ferromagnetism (RTFM) has been reported for ZnO-Mn[5] and ZnO-Co[6] systems, 

although the materials were n-type. In contrast, Tiwari et al.[7] observed only 

paramagnetic behavior in ZnO-Mn under different growth conditions. Thus, a debate 

exists on whether the observed magnetic behavior is an intrinsic property of the film, or 

due to the presence of nanoclusters of a magnetic phase [8,9]. Unfortunately, the 

contradicting reports often lack detailed microstructural characterization. This motivated 

us to investigate the Cu-doped ZnO system.  Cu in the 2+ state should possess a magnetic 

moment of + ½ spin when substituted into the ZnO lattice, but should contribute nothing 

to the net moment if it is present in the form of a second phase or cluster, since neither 

metallic Cu, nor Cu20 or CuO [10]  are ferromagnetic. Initial theoretical studies predicted 

that ZnO doped with 25% Cu [11] would be nonmagnetic, while more recent predictions 

for lower dopant concentrations [12,13], and some initial experiments [14,15] have 

shown Cu-doped ZnO to be ferromagnetic. Likewise, theoretical studies and some 
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experimental reports have shown Cu-doped ZnO to be p-type [16].  In light of Dietl’s 

predictions, that magnetically doped p-type ZnO will exhibit RTFM, the Cu-doped ZnO 

became a very interesting system for further study.  In this work, we report on the 

properties of Zn1-xCuxO with special emphasis on carefully characterizing the 

microstructure using X-ray photoelectron spectroscopy and high resolution transmission 

electron microscopy in order to clarify the location of the Cu atoms and thus better 

understand the origin of the magnetic behavior.  

5.3 Experimental procedure 

Zn1-xCuxO (x=0.01-0.1) nominal composition of the target) thin films were grown on the 

c plane of sapphire single crystal substrates using pulsed-laser deposition. The target was 

prepared by the conventional solid state reaction technique. A pulsed KrF excimer laser 

with a wavelength of 248  nm was used for the deposition. The energy density and the 

repetition rate of the laser beam were 3  J/cm2 and 10  Hz, respectively. Thin film growth 

was carried out in the temperature range of 600–650°C and at a pressure of 10–6  Torr, for 

a duration of 15 minutes yielding film thicknesses of about 0.5  µm. X-ray diffraction 

studies of the grown films were carried out using a Rigaku x-ray diffractometer with 

Cu  K  radiation and Ni Filter. Magnetic measurements were performed using a 

Quantum Design (superconducting quantum interference device) magnetometer in the 

temperature range of 5 –300K. Temperature dependent resistivity measurements were 

done using 4 point-probe measurment technique. Microstructural characterization was 

done using a JEOL-2010 field-emission transmission electron microscope equipped with 
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a GIF (Gatan Image Filter) tuning attachment. X-ray diffraction (θ–2θ) investigations 

revealed axial alignment in the direction perpendicular to the film / substrate interface and 

cross section TEM, which provided information on the alignment in all of the three axes, 

confirmed epitaxial growth of the thin films. Optical measurements 

(absorption/transmission) were made using a Hitachi Spectrophotometer.  

5.4 Results and discussion 

Figure 5.1 a shows x-ray diffraction measurements (Intensity vs 2θ) on the doped ZnO 

films. Samples used for this study were grown at 600 0C. The x-ray diffraction results 

suggest that the films are highly textured with a c-axis preferred orientation. Figure 5.1 b 

shows the change in c lattice parameter with increasing Cu content. The decrease in “c” 

parameter as a function of Cu concentration is consistent with substitution of Zn by the 

smaller Cu ions. At Cu concentrations of 10% and above the diffraction measurements 

indicate the presence of a second phase (Cu2O as deduced from the deduced from x-ray 

diffraction). For concentrations of 5% Cu or less there is no sign of any phase separation 

in the parent material. 

 

The thicknesses of the films were determined to be around 500 nm. Figure 5.2 shows a 

HRTEM micrograph of the interface between the Zn0.95Cu0.05O film and the sapphire 

substrate, revealing the highly epitaxial nature of the film. The inset shows nearly perfect 

epitaxy of the film with the substrate, with the following orientation relationships: 

(0001)s║ (0001)f, (01 0)s║ ( 110)f, [2 0]s║ [01 0]f (this represents an in-plane 
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rotation of 30° or 90° of the film relative to the substrate about the c-axis). Also, the 

interface is compositionally sharp with no evidence of any interfacial reaction.  

 

Further characterization was done using X-ray Photoelectron Spectroscopy to investigate 

the bonding characteristics and identify the oxidation states of the copper in the film. The 

survey spectrum (Figure 5.3 a) shows only peaks that correspond to Zn, Cu, O and C. 

Thus, it has been concluded that the films are devoid of any other impurity atoms.   A 

detailed high-resolution scan of the peaks (Figure 5.3 b) indicates the nature of the 

bonding of oxygen atoms to the copper atoms in the film. The scan shows a Cu 2p3/2 

peak at 933.17 eV and a Cu 2p1/2 peak at 953.04 eV, which corresponds to a mixed 

oxidation state of +1 or +2, which is believed to be facilitated by the presence of point 

defects in the system. Thus, both the high resolution TEM and XPS measurements 

suggest that most of the Cu atoms have substituted directly into the ZnO lattice. 

 

Optical absorption measurements have been performed on the Cu-doped ZnO samples. 

The results of samples doped with 2%, 5% and 10% Cu are shown in Figure 5.4, where 

the transmitted intensity is plotted as a function of wavelength. The spectra clearly shows 

that the band edge for all these films is in the range of 382-394 nm with the band gap 

decreasing for increasing Cu concentration. This consistent variation of bandgap with 

composition again suggests a uniform substitution of Cu for Zn ions in the lattice. 

Magnetic measurements on Zn1-xCuxO films were performed in the temperature range 5-

300K using a SQUID magnetometer. All the measurements were corrected for substrate 
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effects. The M(emu/cc) vs H (Oe) curves at 5K (Figure 5.5 a) for all the samples showed 

hysteresis confirming ferromagnetism. The magnetization measurements (M vs H) done 

even at 300 K (Figure 5.5 b) showed ferromagnetic characteristics for all the films. Hence 

the magnetization vs field measurements showed that all samples have ferromagnetic 

ordering at room temperature. The magnetization vs. temperature data (Figure 5.5 c) 

reveals a decrease of less than 5% in the magnetization over the temperature range of 10 

to 300K with no indication of a transition. This is consistent with ferromagnetic behavior. 

To get a better understanding of how the Cu concentration effects the effective magnetic 

moment, the magnetization curve at 300 k was plotted as μB/Cu atom vs H (Oe) in Figure 

5.6 a. The moment per Cu atom was found to decrease with increasing Cu concentration.  

At lower Cu concentrations (1, 2%) the sample possesses a net moment of ~ 0.75 μB/Cu 

atom. This decreases to ~ 0.60 μB/Cu atom for the 5% Cu sample and ~ 0.2 μB/Cu atom 

for the 10% Cu sample.  

 

Figure 5.6 b shows a plot of saturation magnetic moment(Ms) (in emu/cc) at 300K vs 

dopant concentration for the  Zn1-xCuxO films and  Figure 5.6 c gives values for Bohr 

magneton per dopant atom vs dopant concentration for the same set of samples. The Ms 

values show an increase till 5% Cu content and then decreases, where as the μB/Cu atom 

values show a sharp decrease as Cu content increases. The consistent drop in moment per 

Cu atom at higher Cu concentrations is due to an increasing occurrence of 

antiferromagnetic coupling between Cu pairs occurring at shorter separation distances, 

which has been predicted in earlier theoretical studies [12,13]. The low moment per Cu 
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atom for the 10% Cu sample can also be attributed to the presence of the secondary phase 

Cu2O, which is antiferromagnetic [10]. The observed values of moment per Cu atom are 

consistent with values predicted by Park and Min [12] and Ye et al [17], but more than an 

order of magnitude higher than the experimental value reported by Herng et al [18]. 

Considering that the Cu is present in these samples in a mixed valence state of Cu1+ and 

Cu2+, the measured moment of 0.75 μB per Cu atom is actually very close to the expected 

value of 1.00 μB/ Cu2+ ion for a fully aligned spin system. The 3d orbitals in Cu1+ 

(3d104s0) are fully filled, and hence, should not contribute to ferromagnetism. The various 

magnetic properties like coercivity (Hc), saturation magnetization (Ms) and saturating 

field (Hs) for all the Zn1-xCuxO films at both 5K and 300 K are summarized in Table 5.1. 

 

The presence of Cu ions in ZnO increases the resistance of the samples by almost 2 

orders of magnitude. A temperature dependent resistance curve for the Zn0.98Cu0.02O and 

the undoped ZnO films in the range of 15 – 300 K is shown in Figure 5.7. The room 

temperature resistance of undoped ZnO is about 10 KΩ and that of the Zn1-xCuxO films 

are about 0.5-1 MΩ. The presence of Cu1+ is apparently compensating for the carriers 

introduced by the native defects (oxygen vacancies or Zn interstitials) in ZnO. However, 

the higher resistivity of the Cu-doped samples is taken to infer a relative paucity of free 

carriers in this system, and strongly suggests that the ferromagnetism observed in Zn1-

xCuxO is not a result of a free-carrier mediated mechanism. Rather it seems that the 

ferromagnetism is arising from a defect mediated mechanism, e.g. due to presence of 

defects like oxygen vacancies that would be expected to be present in these films which 
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were grown by PLD at relatively low pressures of 10-6 torr. We propose a possible defect 

mediated mechanism, namely a bound polaron mechanism, that has been previously 

reported in the literature [19]. 

Having ruled out through our microstructural and optical investigations the possibility of 

the presence of nanoclusters in the samples with Cu concentrations at or below 5%, we 

infer that the presence of nanoclusters can not be the cause of the observed room-

temperature ferromagnetism. Furthermore, since neither copper nor its oxides (CuO and 

Cu2O) are ferromagnetic, we conclude that the room-temperature ferromagnetism is an 

inherent property of the material caused by the presence of the copper in a tetrahedral 

crystal field entering into a high-spin configuration. The crystal field splitting of the 3d 

state into t2g and eg
 orbitals, with four electrons in eg state and one unpaired electron in the 

t2g state results in the high spin state of Cu2+ (1/2 moments per ion).  It is further believed 

that it is a defect mediated exchange mechanism that leads to the observed magnetic 

ordering. 

5.5 Conclusion 

In summary, we have grown single-crystal Zn1-xCuxO thin films using pulsed-laser 

deposition on c-plane sapphire single crystal substrates. The films were single crystal and 

epitaxial with a 30° or 90° rotation relative to the sapphire substrate. Atomic scale 

structural characterization using high resolution TEM indicated the absence of any nano-

sized clusters or second phase in samples with Cu concentrations at or below 5%. Optical 
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measurements showed the presence of the copper ions in a tetrahedral crystal field. A p-d 

hybridization between 3d band of Cu and ZnO valence bands (O-p bands) probably 

results as the Cu2+ ions substitute for the Zn2+ in the ZnO lattice.  These films exhibited 

ferromagnetism at room temperature.  The effective moment per Cu atom was unusually 

high in the very dilute systems, and then dropped quickly with increasing Cu additions. 

Also, these samples were highly insulating.  Thus, a free-carrier mediated exchange 

between the Cu moments does not appear to be a likely source of the long-range 

ferromagnetic ordering.  Rather, a defect mediated mechanism like bound magnetic 

polaron mechanism is believed to be operative. But, further research is needed to 

understand the exact mechanisms involved. 
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Table 5.1: Magnetic Properties of Zn1-xCuxO films at 5 K and 300 K 

 
 

Cu % Temp (K) Ms (emu/cc) Hs (Oe) Hc (Oe) 

5 3.51 2780 112.5 1 

300 3.36 1944 53 

5 7.13 3153 137.5 2 

300 6.85 2308 65 

5 15.21 3318 102.0 5 

300 14.02 2496 49 

5 11.02 3201 110.5 10 

300 10.30 2345 63 
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Figure 5.1: a) X-ray diffraction pattern of Zn1-xCuxO(x =0.01,0.02,0.05,0.1) films b) 
C-lattice parameter as a function of Cu concentration. 
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Figure 5.2: High Resolution TEM image of Zn0.95Cu0.05O showing highly epitaxial 
film on sapphire with a clean interface. Inset: Diffraction pattern of the interface. 
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 Figure 5.3: a) XPS Survey Spectrum of Zn0.95Cu0.05O film b) XPS high resolution 
scan of Cu 2p peaks 
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Figure 5.4: Optical transmission spectra of Zn1-xCuxO(x=0.02, 0.05, 0.1) films 
showing a shift in the absorption edge. 
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Figure 5.5: a) M vs H for Zn1-xCuxO (x=1,2,5,10) at 5 K b) M vs H for Zn1-xCuxO 
(x=1,2,5,10) at 300 K  c) M vs T curves for Zn1-xCuxO (x=2,5,10) at 1000 Oe 
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Figure 5.6: (a) μB/ Cu atom vs H for Zn1-xCuxO (x=1,2,5,10) at 300 K (b) M vs Cu %  
and (c) μB vs Cu % for Zn1-xCuxO (x=1,2,5,10) films. 
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Figure 5.7: Temperature dependence of Resistivity forZn0.98Co0.02O and undoped 
ZnO films 
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6 Chapter 6: Magnetic, electrical and microstructural 

characterization of ZnO thin films co-doped with Co and 

Cu 

(Published in Journal of Applied Physics, 101,053918 (2007)) 

6.1 Abstract 

Here we report on systematic studies of the epitaxial growth and properties of Co and Cu 

co-doped ZnO thin films deposited onto sapphire c-plane single crystals using pulsed 

laser deposition. The films display ferromagnetic behavior at room temperature. Detailed 

atomic scale characterization ruled out the presence of clusters and secondary-phases as 

the source of ferromagnetism. Optical measurements and XPS (X-ray Photoelectron 

Spectroscopy)  confirm the direct substitution of dopant atoms into Zn lattice sites. At 

low concentrations of Cu (~5%)  the magnetic moment of Cu,Co0.05:ZnO materials 

appear to be additive At higher concentrations of Cu the net magnetic moment per atom 

drops off  sharply, and seems to be relatively insensitive to the Co content..  There is a 

dramatic increase in resistivity of the Co-doped films that accompanies Cu-doping.  Yet, 

this change of resistivity does not affect the magnetic moment, suggesting that free 

carrier mediated mechanism is not a feasible explanation for ferromagnetism in these 

films. The known presence of high oxygen vacancies in these films does allow for 

possible defect-mediated mechanisms (e.g. bound magnetic polarons) for mediating 

exchange coupling of the dopant (Co,Cu) ions resulting in room temperature 

ferromagnetism. 



 118

 
6.2 Introduction 

The exiting possibility of utilizing both the charge and spin character of an electron to 

develop novel spintronic devices like Spin FETs and Spin LEDs [1,2]has led to an 

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

magnetic properties. Ohno [3] was the first to report in 1998 the existence of 

ferromagnetic behavior in a semiconductor at temperature greater than 100K in Mn-

doped GaAs. Since this breakthrough the major thrust has been to identify DMS systems 

that display room temperature ferromagnetism (RTFM). Unfortunately, efforts to 

increase the Curie Temperature (Tc) of Mn doped GaAs to room temperature have not 

been successful; the highest reported Tc for Mn-doped GaAs to date is 172 K.[4] This has 

caused researchers to search for other materials systems.. Recent studies have identified 

wide bandgap semiconductors including GaN and ZnO systems as promising materials 

for  spintonics applications.[5] A theoritical prediction by Dietl et al.[6]  suggested that 

room temperature ferromagnetism should exist in heavily p-type doped alloys of ZnO. In 

this regard, one of the most studied systems is the Co-doped ZnO system. Early 

experimental work has provided mixed and even contradicting results. In one of the first 

studies of doping various transition metals into ZnO done by Ueda et al.[7] it was shown 

that highly conducting (n-type) Co-doped ZnO displayed room temperature 

ferromagnetism. Some subsequent studies have confirmed these findings.[8-10] But other 

studies also exist which have found the ferromagnetism to be extrinsic in nature and arise 

from nanoclusters of secondary magnetic phases.[11-13] 
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Although the Cu-doped ZnO system was originally rejected in initial theoretical studies 

[14] it has since been shown to have promise as a DMS (dilute magnetic semiconductor)  

system showing RTFM. Recent theoretical predictions [15,16] for ZnO at low Cu 

concentrations and experimental studies [17,18] have shown Cu-doped ZnO to display 

room temperature ferromagnetic ordering. In fact, the Cu-doped ZnO system has been 

found to have very high spin polarization (>75% or 0.75 μB per Cu atom).[19]  The Cu-

doped system also avoids the concern that the ferromagnetism may be arising from 

secondary phase segregation, since all of the possible secondary phases (Cu, CuO and 

Cu2O) are non-ferromagnetic.[20] A computational study by Spaldin [21] predicted that 

ferromagnetism would only be found in Co-doped ZnO in the presence of p-type carriers. 

They suggested co-doping Co-doped ZnO with Cu as a way of attaining room 

temperature ferromagnetism. Even though the effect of co-doping has been studied in 

bulk samples[22,23] similar studies have not been done on thin films due to the inherent 

uncertainties like incorporation of dopants into substituitional sites and difficulty in doing 

detailed characterization. We have tried to probe into the effect of co-doping with 

transition metals (Co and Cu ) on both the electronic and magnetic properties of these 

dilute magnetic semiconductor thin films. 

 
6.3 Experimental approach 

Here we report on the growth and electrical and magnetic properties of ZnO thin films 

co-doped with Co and Cu in order to clarify the correlation between magnetic behavior 

and carrier concentration. ZnO thin films co-doped with Co and Cu were grown on the c 

plane of sapphire single crystal substrates using pulsed-laser deposition. The target used 
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was prepared by the conventional solid state reaction technique. A pulsed KrF excimer 

laser with a wavelength of 248  nm (photon energy of 5 eV) was used for the deposition. 

The energy density and the repetition rate of the laser beam were 3  J/cm2 and 10  Hz, 

respectively. Thin film growth was carried out in the temperature range of 600–650°C and 

at a pressure of 10–6  Torr, for 15 minutes, yielding films of about 0.5  µm thickness. X-

ray diffraction (XRD) of the grown films was performed using a Rigaku x-ray 

diffractomer with Cu  K  radiation (λ = 0.154 nm) and a Ni filter. Magnetic 

measurements were conducted using a Quantum Design SQUID (superconducting 

quantum interference device) magnetometer in the temperature range of 5–300 K. 

Temperature dependent resistivity measurements were done using 4 point-probe 

measurment technique. Structural characterization was done using a JEOL-2010 field-

emission transmission electron microscope equipped with a GIF (Gatan Image Filter) 

tuning attachment. X-ray diffraction ( –2 ) investigations revealed axial alignment only 

in the direction perpendicular to the film / substrate interface, whereas, cross section TEM 

provided information on the alignment along all three axes, thus confirming epitaxial 

growth or single crystal growth of thin films. Finally, optical measurements 

(absorption/transmission) were made using a Hitachi Spectrophotometer. 

 

6.4 Results  

X-ray diffraction measurements (Figure 6.1a) done on co-doped ZnO films grown at 600 

0C suggest that the films are highly textured with a c-axis preferred orientation. They also 

find no evidence of segregation of any secondary phases. For films deposited at a lower 
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temperature of 500 0C X-ray diffraction measurements (Figure 6.1b) did show 

segregation of Cu nanoparticles within the ZnO matrix. This was further verified by the 

physical appearance of the films. While the films grown at higher temperature were 

transparent, the films grown at lower temperatures showed a distinct copper tan.  

TEM studies were then conducted to further rule out the possible formation of secondary 

phases and to confirm epitaxy in all 3 directions.. Low-magnification diffraction contrast 

bright field/dark field images indicated the absence of precipitates ie we did not observe 

black-white contrasted images with the black-white vector perpendicular to the 

diffraction (g) vector in the case of specified three-dimensional precipitates, or making a 

certain angle in the case of two-dimensional precipitates.[24] From the low magnification 

image (Figure 6.2 a) the thickness of the deposited film was determined to be around 500 

nm. A detailed high resolution TEM analysis was done to analyze the microstructure and 

investigate the presence of nanoclusters. The HRTEM (high resolution transmission 

electron microscopy) micrograph of the interface between the Zn0.90Co0.05Cu0.05O film 

and the sapphire substrate (Figure 6.2 b) showed the highly epitaxial nature of the film 

and a compositionally sharp interface. The diffraction pattern (Figure 6.2 b inset) 

confirms this by showing nearly perfect epitaxy of the film with the substrate. The 

following orientation relationship was found to exist between the film and the substrate: 

(0001)s║ (0001)f, (01 0)s║ ( 110)f, [2 0]s║ [01 0]f (this represents an in-plane 

rotation of 30° or 90°, of the film relative to the substrate about the c-axes). Thus the 

detailed TEM analysis suggests that the transition metal dopants (Co and Cu) have 

substituted into the Zn lattice sites. 
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X-ray Photoelectron Spectroscopy (XPS) was done to investigate the bonding 

characteristics and the oxidation state of the transition metal dopants in the co-doped ZnO 

films. The survey spectrum (Figure 6.3 a) shows only peaks that correspond to Zn, Cu, 

Co, O and C. Thus, it has been concluded that the films are devoid of any other impurity 

atoms.  High resolution scans of the Cu 2p and Co 2p peaks was done to determine the 

nature of the bonding of the oxygen atoms to the dopant atoms in the film. The high 

resolution scan (Figure 6.3 b) of the copper 2p peaks shows a Cu 2p3/2 peak at 933.2 ev 

and a Cu 2p1/2 peak at 953.1 ev. These values lie between the peak positions for Cu in 

+1 and +2 states. Thus it is concluded that Cu exists in a mixed oxidation state of +1 and 

+2, which is likely facilitated by the presence of point defects in the system. High 

resolution scan of the cobalt 2p peak (Figure 6.3 c) shows Co 2p3/2 peak at 781 ev and 

Co 2p1/2 peak at 796 ev. The presence of satellite peaks at 787 ev and 803 ev confirm 

that Co exists in the +2 state within the ZnO matrix. Thus, both high resolution TEM and 

XPS measurements verify that the transition metal dopant atoms have substituted into the 

ZnO lattice sites. 

Optical absorption spectra for all films are shown in Figure 6.4 a. All of the samples were 

transparent with a slight greenish tint.  Characteristic absorption edges are shown by the 

spectra around 568 nm, 616 nm and 658 nm. In the literature [25,26] these edges are 

correlated with the localized d-d transition of tetrahedrally coordinated Co 2+ ions. This 

further supports the conclusion that Co 2+ ions have substituted the Zn 2+ ions in the ZnO 

lattice. With an increase in Cu concentration the band edge shows a red shift which 
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suggests a uniform substitution of Cu for Zn ions in the lattice. The comparison of the 

spectra of the Zn0.90Co0.05Cu0.05O films grown at 600 0C and 500 0C shows a large 

decrease in transmitted intensity for the film grown at lower temperature (Figure 6.4 b). 

However, the characteristic absorption edges arising due to substitution of Co for Zn in 

the lattice are retained. This agrees with the XRD results and confirms that for lower 

temperature growths the Cu is precipitating out as nanoclusters while the Co remains in 

the substitutional sites. 

 

Magnetic measurements were performed for all the films in the temperature range 5K-

300K using a SQUID magnetometer. At 5 K the the M vs H curve (Shown in Figure 6.5 

a) for the Zn1-(0.05+x)Co0.05CuxO (where x=0 to 0.1) films shows hysteresis confirming 

ferromagnetism at 5K. The Figure 6.5 b showing magnetization vs temperature revealed a 

nearly linear drop of less than 5% over the temperature range of 10 to 300K without 

showing any transition. This is consistent with ferromagnetic behavior. Ferromagnetic 

ordering is observed even at 300 K when M vs H measurements at 300 K were 

performed. The M vs H curve for Zn1-(0.05+x)Co0.05CuxO (where x=0 to 0.1) at 300K is 

shown in Figure 6.6 a. Adding Cu to Co:ZnO leads to an enhancement in magnetic 

moment for low concentrations of Cu (up to 5%). At higher concentrations of Cu (10%) 

there is a lowering in the saturation magnetic moment when compared to the Co:ZnO 

film. Similar behavior has been previously observed in ZnO films individually doped 

with Cu or Co. The drop can be explained by assuming that antiferromagnetic 

superexchange coupling begins to dominate as magnetic moments begin to enter nearest 
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neighbor configurations with greater frequency at higher concentrations. Figure 6.6 b 

shows a plot of saturation magnetic moment (in emu/cc) at 300K vs dopant concentration 

for both Co:ZnO, Cu:ZnO and then the co-doped 5%Co:ZnO with varying amounts of 

Cu.  Figure 6.6 c gives values for Bohr magneton per dopant atom vs dopant 

concentration for the same set of samples. These values are also summarized in Tables 

6.1 and 6.2. The values for Co- and Cu-doped ZnO films are calculated from previously 

reported works.[10,19,27] All the curves in Figure 6.6 b show a similar trend . The 

moment initially increases with increasing dopant concentration and then drops off 

sharply as one moves towards higher concentration. One more interesting fact seen was 

that although at low concentrations the total moment of the codoped ZnO sample (5%Co 

and varying concentration of Cu) was additive in nature, it was less than the sum of 

moments shown by Zn0.95Co0.05O film and Zn1-xCuxO films, individually.  

 

Resistance vs temperature measurements are shown in Figure 6.7. The inclusion of 

copper in the Zn(Co)O films leads to an increase in resistivity by almost 3 orders of 

magnitude. The resistivity of the Zn0.95Co0.05O thin film at 300K is about 0.3 Ohm cm. 

By comparison the resistivity of the Zn0.95Co0.05Cu0.05O film at 300K is about 50 Ohm 

cm. This might be explained by the presence of a fraction of Cu in 1+ state which acts as 

a deep level acceptor thus compensating the electrons arising from the oxygen vacancies 

in the as-grown ZnO (which is n type in nature). In addition, Cu in a 2+ state acts as a 

trap for electrons because of the presence of  the 3d hole states. 
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6.5 Discussion 

Co-doping with Cu results in an increase in ferromagnetic moment in Co-doped ZnO 

which is consistent with results shown for bulk samples [22,23]. But, thin films of the 

sample Zn0.95Co0.05O show ferromagnetic ordering unlike the paramagnetism observed in 

polycrystalline samples. Further doping with Cu shows a rise in saturation magnetic 

moment as shown in Figure 6.6 (a and b) for Cu concentrations up to around 5%. Further 

increase in Cu concentration results in a drop in magnetic ordering which is consistent 

with that observed in previous studies of Zn1-xCuxO system.[19] This is attributed to 

increased antiferromagnetic coupling between dopant atoms as their separation decreases 

with increasing concentration. Computational studies by Spaldin [21] predicted that 

ferromagnetism will be found in transition metal doped ZnO only in the presence of p-

type carriers. They simulated conditions of p-type doping by co-doping with Cu, 

assuming Cu to be having a +1 ionization state when substituting for a Zn ion. These 

calculations predicted a ferromagnetic ground state that is 80 meV lower than the 

antiferromagnetic state. However XPS scans of Cu2p peaks presented here shows a 

mixed state for Cu (both +1 and +2), with the predominant state being +2. Resistivity 

measurements (Figure 6.7) reveal a rise in resistivity by 2-3 orders with incorporation of 

Cu ions, which rules out the explanation of enhancement in magnetic ordering as a result 

of increased carrier concentration as suggested by studies on bulk samples.[22] Table 6.1 

summarizes the values of saturation magnetic moment for Co-doped, Cu-doped and Co 

and Cu co-doped ZnO films. All three sets of data show a similar trend where there is an 

increase in total magnetic moment with increasing dopant concentration initially and then 
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at higher concentrations of dopants the total moment decreases. For, example, the Cu-

doped samples increase in moment up to 5% Cu concentration and then drop off sharply 

as compositions increase up to 10% Cu.. The drop off occurs at higher compositions in 

the Co containing samples.  For the Co-doped and Cu/Co co-doped samples the rise in 

moment continues until combined dopant concentrations exceed 10%. For the co-doped 

samples we see a very sharp drop in moment for dopant concentrations above 10%, 

whereas for the Co-doped samples the drop in moment after reaching a maximum is more 

gradual. This composition dependence on total moment has the overall effect of being 

additive at low concentration of Cu (<= 5%). But then with further addition of Cu there is 

a lowering in the moment.  

These trends become clearer in Table 6.2 and Figure 6.6 c where the μB per dopant atom 

is compared to the total dopant concentration. The Cu-doped samples for low Cu 

concentrations (up to 5%) show fairly high values (0.63 μB/Cu). But they show a sharp 

drop to 0.23 μB for higher Cu concentrations (10%). Compared to this for the Co-doped 

samples the μB per dopant atom is moderately high (0.65 μB) for the 1% Co-doped sample 

and then shows a drop to ~ 0.25 μB for an increase in concentration (>=5%) that then 

decreases slowly out to very high Co concentration (20 %). It can be inferred from these 

magnetic measurements that Cu atoms show a very strong tendency to couple 

ferromagnetically at low concentrations (at 2% the Cu-doped sample has an effective 

moment of ~ 0.75 μB, which is very close to the theoretical value for Cu2+ atom ie 1 μB). 

The sharp drop at increased concentrations suggest a strong tendency for  dopant ions  to 

develop other non ferromagnetic configurations. For example Cu may be entering 
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adjacent sites where antiferromagnetic superexchange coupling occurs between adjacent 

dopant atoms as mediated by the central oxygen atom. Compared to the Cu systems the 

Co-doped samples do not appear to possess as strong a ferromagnetic coupling. Even at 

the lower compositions the net effective moments are relatively small, suggesting a large 

antiferromagnetic character.  For example, the 1% Co-doped sample is found to have an 

eaverage value of 0.65μB per Co atom compared to the theoretical value 0f 3.0 μB. 

Likewise, at higher Co concentrations the affect of a growing antiferromagnetic coupling 

that arises due to the higher probability of Co atoms filling nearest neighbor positions is 

not as pronounced as in the case of Cu.  These trends suggest that there is a high 

occurrence of antiferromagnetic coupling present at all Co concentrations.   In the co-

doped samples these elemental trends are again observed.  At Cu concentrations up to 5% 

the Cu exerts a strong ordering influence on the system, but then at higher concentrations 

has a strong disordering effect.  In contrast the Co, despite its larger net moment of  3/2 

spin, contributes only a small net magnetization, which decreases gradually with 

increasing concentrations of the magnetic species.  Thus, the maximum value for the total 

magnetic moment is attained at a total dopant concentration of 10%(5% Co and 5% Cu) 

which is similar to Co-doped samples. But unlike the Co-doped systems which shows a 

gradual drop in the total moment after ataining a maximum at 10% dopant concentration, 

the co-doped system shows a sharp drop with further increase in Cu concentration (10%). 

This would appear to reflect the finding that Cu shows strong ferromagnetic coupling at 

lower concentrations which then is degraded quite rapidly at higher, whereas both these 

affects are not as strong in case of Co. 
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Another interesting feature seen in Figure 6.6 c is the rise in μB values as we go from 7% 

to 10% dopant concentration for the co-doped samples before dropping off sharply for 

15% total dopant concentration.  This larger plateau is in contrast to the behavior seen in  

Co and Cu-doped samples, but seems to be reflective of the strong ordering effect that 

low concentrations of Cu have on the system, before rolling off again at higher 

concentrations due to increasing nearest neighbor effect. This suggests that the effects of 

Co and Cu moments are relatively independent in the low concentration regime. 

Table1a shows that magnetic moment of co-doped ZnO films is always less than the sum 

of individual magnetic moments of Zn0.95Co0.05O and Zn1-xCuxO films. Therefore even 

though Co and Cu ions do not appear to affect the moments due to each other , the 

increase in total concentration of dopant causes them to occupy adjacent sites with 

greater frequency,  which results in antiferromagnetic coupling between adjacent dopant 

atoms mediated by a central oxygen anion. Based on the SQUID measurements alone it is 

very difficult to independently separate out the magnetic moment arising due to Cu and 

Co ions in the co-doped samples  Yet, the lower total moment observed in the co-doped 

samples does indicate that the Co and Cu do affect one another. But still the values from 

Tables 6.1 and 6.2 show that the magnetic ordering due to Cu and Co remains 

surprisingly independent of each other at low concentrations. This leads to the total 

moment arising due to co-doping to be additive with increasing Cu concentration up to 

5%,  after which Cu starts to strongly couple antiferromagnetically with both adjacent Cu 

and Co and the total moment drops sharply. 
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The incorporation of Cu in the co-doped samples leads to an increase in resisitivity by 2-

3 orders of magnitude when added to a 5% Co-doped ZnO film. In previous studies 

[27]such large changes in resistivity, which had been produced by annealing the sample, 

had been accompanied by large decreases in sample moment. Here we observe no such 

effect on the ferromagnetic ordering.  This seems to argue against a free carrier mediated 

mechanism for ferromagnetism in transition metal doped ZnO. The films in this study 

were grown at very low oxygen partial pressure (10-6 torr) and were definitely oxygen 

deficient. There is a general agreement that oxygen vacancies will be present in oxygen 

deficient ZnO[28,29]. Recent studies have also reported a direct dependence of 

ferromagnetic ordering on the oxygen vacancy concentration in certain dilute magnetic 

semiconductor systems like Fe: SnO2
 [30], Co:TiO2 [31]and Co:ZnO [27]. An alternative 

F center (or bound magnetic polaron) mediated exchange mechanism has been suggested 

as responsible for magnetic ordering in these systems. An F center is an oxygen vacancy 

with a trapped electron. This trapped electron occupies an extended orbital state that 

overlaps with the d shells of several nearby transition metal atoms. The radius of this 

trapped electron orbital is estimated to be of the order of aoε, where ao is the Bohr radius 

and ε is the dielectric constant of the oxide. For ZnO this value is on the order of 5 Å 

which be enough to contain a couple of dopant atoms even in the 5% transition metal 

doped ZnO sample. Since the Co2+ and Cu2+ are in 3d7 and 3d9 spin state, respectively, 

they will only have the unoccupied minority spin orbitals available for exchange with the 

trapped electron. The trapped electron will align in an antiparallel configuration with the 
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individual dopant ion spins. This leads to an effective ferromagnetic coupling between 

coupled dopant atoms. 

 

6.6 Conclusion 

In summary, we have grown ZnO thin films co-doped with Co and Cu on c-plane 

sapphire single crystal substrates using pulsed-laser deposition. These films showed 

ferromagnetism at room temperature with the magnetic moment increasing with 

increasing Cu co-doping concentration up to 5% Cu, after which it shows a sharp drop. 

Also the incorporation of Cu leads to a drop in conductivity of these films by 2-3 orders 

of magnitude. Atomic scale structural characterization using high resolution TEM 

eliminated the presence of any nanoclusters or secondary phases as the source of 

ferromagnetism. Optical absorption measurements and XPS both provided evidence for 

Cu and Co substitution for Zn in ZnO lattice. The effect of co-doping on the saturation 

magnetic moment is seen to be additive at low Cu concentrations and then fall off sharply 

with further increase in Cu concentration. While it can’t be stated with certainty what the 

degree of magnetic coupling between the individual dopant atoms is in this study, it has 

been shown that the two species do appear to be only loosely effecting each other’s 

magnetic ordering at lower concentrations.  The increase in total magnetic moment in 

spite of increase in resitivity by almost 3 orders resulting from Cu-doping argues against 

a free carrier mediated mechanism as the source of ferromagnetism. Since these transition 

metal doped ZnO films were grown at very high vacuum (10-6 torr), they are oxygen 

deficient in nature and thus have a high concentration of oxygen vacancies. Therefore, a 
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defect mediated exchange mechanism, such as the F-center (oxygen vacancy) mediated 

exchange mechanism proposed previously by others, does appear to offer a better 

explanation for the ferromagnetic ordering observed in these films. Further studies 

including annealing and varying oxygen partial pressure during growth is warranted to 

further clarify the source of magnetism in these dilute magnetic semiconductors. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

 
 
 



 132

References  
 

1. S.A. Wolf,D.D. Awschalom, R.A.Buhrman, J.M. Daughton, S.von Molnar, 

M.L Roukes, A.Y.Chtchelkanova, and D.M Treger, Science 294, 1488 (2001) 

2. Gary A. Prinz, Science 282, 1660 (1998) 

3. H. Ohno, Science 281, 951 (1998) 

4. A.M. Nazmul, S. Sugahara, and M. Tanaka, Phys Rev. B 67, 241308 (2003) 

5. S.G. Yang, A. B. Pakhomov, S. T. Hung, and C. Y. Wong, IEEE Trans. Magn 

38. 2877 (2002) 

6. T. Dietl, H.Ohno, F. Matsukura, J. Cibert, and D. Ferrand, Science 287, 1019 

(2000) 

7. K. Ueda, H. Tabata, and T. Kawai, Appli. Phys. Lett. 79, 988 (2001) 

8. H. –J. Lee, S.-Y. Jeong, C.R. Cho, and C.H. Park, Appl Phys. Lett. 81, 4020 

(2002) 

9. Y.M. Cho, W.K. Choo, H. Kim, D. Kim, and Y. Ihm, Appl Phys. Lett. 80, 

3358 (2002) 

10. S.Ramachandran, A.Tiwari, and J.Narayan, App. Phys. Lett. 84,5255(2004) 

11.  J.H. Kim, H. Kim, D. Kim, Y.E. Ihm, and W.K. Choo, J. Appl. Phys. 92, 

6066 (2002) 

12. J. H. Park, M.G. Kim, H. M. Jang, S. Ryu, and Y.M. Kim, Appl Phys. Lett. 

84, 1338 (2004) 

13. Y. Belghazi, G. Schmerber, S. Colis, J.L. Rehspringer, A. Dinia, and A. 

Berrada, Appl Phys. Lett. 89, 122504 (2006) 



 133

14. K.Sato and H.Katayama-Yoshida, Jpn J. Appl. Phys., Part2 39, L555 (2000) 

15. M.S. Park and B.I. Min, Phys Rev. B 68, 224436 (2003) 

16. C.H. Chien, S.H. Chiou, G.Y. Gao, and Y.D. Yao, J. Magn Magn. Mater. 282, 

275 (2004) 

17. C.H. Cho, J.Y. Hwang, J.P. Kim, S.Y. Jeong, M.S. Jang, W.J.Lee and 

D.H.Kim, Jpn J. Appl. Phys. 43, L1383 (2004) 

18. D.B.Buchholz, R.P.H. Chang, J.H.Song and J.B. Ketterson, App. Phys. Lett. 

87, 82504 (2005) 

19. D. Chakraborti, J.T. Prater, and J. Narayan, Submitted to App. Phys. Lett. 

20. M.Wei, N.Braddon, D.Zhi, P.A. Midgley, S.K. Chen, M.G. Blamire, and J.L. 

MacManus-Driscoll, App. Phys. Lett 86, 72514 (2005) 

21. N.A. Spaldin, Phys. Rev. B. 69, 125201 (2004) 

22. O.D. Jayakumar, I.K. Gopalakrishnan, and S.K. Kulshreshtha, J. Mater. Chem 

15, 3514 (2005) 

23. H.-T. Lin, T.-S. Chin, J.-C. Shih, S.-H. Lin, T.-M. Hong, R.-T. Huang, F.-R. 

Chen, and J.-J. Kai, App. Phys. Lett. 85, 621 (2004) 

24.  P. Hirsch, A. Howie, R.B. Nicholoson, D.W. Pashley and M.J. Whelan, 

Electron Microscopy of Thin Crystals. 2nd ed. (Kreiger. Malbar, FL, 1977), 

p317 

25. P.Koidl, Phys. Rev. B 15, 2493 (1977) 

26. K.J. Kim, and Y.R. Park, App. Phys. Lett. 81, 1420 (2002) 



 134

27. J.T. Prater, S. Ramachandran, A. Tiwari, and J. Narayan, J. Elec. Mater. 35, 

852 (2006) 

28. A.F. Kohan, G. Ceder, D. Morgan, and C.G. Van de Walle, Phys. Rev. B 61, 

15019 (2000) 

29. A. Janotti, and C.G. Van de Walle, App. Phys. Lett. 87, 122102 (2005) 

30. J.M.D. Coey, A.P. Douvalis, C.B. Fitzgerald, and M.Venkatesan, App. Phys. 

Lett. 84, 1332 (2004) 

31. S.A. Chambers, T. Droubay, C.M. Wang, A.S. Lea, R.F.C. Farrow, L. Folks, 

V. Deline, and S. Anders, App. Phys. Lett. 82, 1257 (2003) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 135

 
 
 
 

Table 6.1: Saturating Magnetization Values(Ms)in emu/cc for ZnO films with 
varying concentration of Co and Cu 

 
 
Co % → 
Cu %↓ 

0 1 5 10 20 

0 - 2.8883 5.94167 11.3333 9.1667 

1 3.3606 - - - - 

2 6.8592 - 10.06264 - - 

5 14.0021 - 17.3850 - - 

10 10.30945 - 5.14167 - - 

 
 

 
 

Table 6.2: Bohr magneton per dopant atom values in μB for ZnO films with varying 
concentration of Co and Cu 

 
 

Co % → 

Cu % ↓ 

0 1 5 10 20 

0 - 0.65017 0.26758 0.25503 .10299 

1 0.75666 - - - - 

2 0.77745 - 0.3223 - - 

5 0.63024 - 0.38954 - - 

10 0.23178 - 0.07671 - - 
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Figure 6.1: (a) X-ray Diffraction Pattern for Zn0.85Co0.05Cu0.10O grown at 600 0C (b) 
X-ray Diffraction Pattern for Zn0.85Co0.05Cu0.10O grown at 500 0C  
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Figure 6.2: (a) Bright Field image of the Film showing film thickness (b)High 
Resolution TEM image of Zn0.90Co0.05Cu0.05O showing highly epitaxial film on 
sapphire with an atomically sharp interface(Inset) Diffraction Pattern of the 

Interface 
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Figure 6.3: (a) XPS Survey Spectrum of Zn0.90Co0.05Cu0.05O film (b) XPS high 
resolution scan of Cu 2p peaks (c) XPS high resolution scan of Co 2p peaks 
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Figure 6.4: (a) Optical absorption spectrum for 5%Co-doped ZnO co-doped with 
2,5 and 10% Cu (b) Comparison of Optical absorption spectrum of 

Zn0.90Co.05Cu.o5O grown at 600 0C and 500 0C 
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Figure 6.5: a) M vs H data taken for 5%Co-doped ZnO co-doped with x% 
Cu(x=0,2,5,10) at 5 K b) M vs T curves for 5%Co-doped ZnO co-doped with x% 

Cu(x=0 ,5,10) 
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Figure 6.6: (a) M vs H data taken for 5%Co-doped ZnO co-doped with x% 
Cu(x=0,2,5,10) at 300K (b) M vs Dopant %  and (c) μB vs Dopant % for Sample 

doped individually with Cu and Co and also co-doped with Cu and Co. 
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Figure 6.7: Temperature dependence of Resistivity forZn0.95Co0.05O, 
Zn0.93Co0.05Cu0.02O and Zn0.90Co0.05Cu0.05O 
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7 Chapter 7: Effect of Al doping on the magnetic and 

electrical properties of Zn(Cu)O based diluted magnetic 

semiconductors 

(Journal of Applied Physics – Accepted) 

7.1 Abstract 

The effect of Al doping on the magnetic properties of Zn(Cu)O based dilute magnetic 

semiconducting thin films has been systematically investigated. Epitaxial thin films have 

been deposited onto sapphire c-plane single crystals using pulsed laser deposition 

technique. The large lattice misfit of the order of 16% is accommodated by matching 

integral multiples of lattice and substrate planes.  In these large mismatch systems, the 

resulting films are fully relaxed following deposition of the first complete monolayer of 

ZnO (consistent with a critical thickness that is less than one monolayer). Magnetic 

hysteresis measurements indicate that the pure Zn(Cu)O thin films are ferromagnetic at 

room temperature. Doping with up to 5% Al (n type) does not significantly affect the 

ferromagnetism even though it results in an increase in carrier densities of more than 3 

orders of magnitude, rising from 1 x1017 cm-3 to 1.5 x1020 cm-3. However, for Al 

additions above 5%, a drop in net magnetization is observed. Annealing the films in an 

oxygen atmosphere at 600ºC also resulted in a dramatic drop in magnetic moment of the 

samples.  These results strongly suggest that carrier induced exchange is not directly 

responsible for the magnetic properties of these materials. Rather, a defect mediated 

exchange mechanism needs to be invoked for this system. 
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7.2 Introduction 

The emerging field of Spintronics aims at utilizing both the spin and charge 

aspect of electrons [1,2] . It is possible to achieve both semiconducting and magnetic 

properties within a single material system by doping semiconducting materials with small 

concentrations of ferromagnetic materials (mostly transition metals), producing what is 

most commonly known as Dilute Magnetic Semiconductors (DMS) [3] . Following the 

report of ferromagnetism in Mn:GaAs above 100 K by Ohno [4], there have been a flurry 

of studies aimed at achieving room temperature ferromagnetism (RTFM) in 

semiconducting materials. Interest in wide bandgap semiconductors arose when 

theoretical studies by Dietl et al.[5]  predicted that RTFM should be observed in heavily 

p-type (3x1020 cm-3) doped ZnO and GaN based DMS systems. Subsequent studies on 

transition metal doped GaN and ZnO have identified them to be promising RTFM 

material systems[6,7] . However, Ueda et al.[7]  found that only highly n-type (3x1020 

cm-3) conducting Co-doped ZnO displayed RTFM. This was contrary to Dietl’s 

prediction that hole mediation would be needed to achieve RTFM in ZnO based DMS 

materials. Ferromagnetism in n-type ZnO-based DMS has been confirmed in subsequent 

studies [8-10]. But, there still exists a debate over the origin of ferromagnetism in ZnO-

based DMS materials. Early studies suggested that a free carrier mediated mechanism 

was responsible for the ferromagnetic ordering in these materials [7,11]. However, more 

recent studies have suggested that defects like oxygen vacancies are playing an important 

role in stabilizing the ferromagnetic ordering in oxide-based DMS systems [12,13]. In 

addition, the presence of magnetic nanoclusters as a source of ferromagnetism has not 
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been completely ruled out in the case of transition metal doped ZnO. These controversies 

have been presented and discussed in the two recent review papers [14,15].       

                   Recent theoretical [16,17] and experimental studies [18-20] on Cu-doped 

ZnO have shown it to be a promising candidate displaying RTFM. The fact that Cu and 

its oxides (CuO and Cu2O) are non-ferromagnetic [21] removes any possibility of 

ferromagnetism arising from the presence of secondary magnetic phases in this system. 

The Cu:ZnO system was predicted to display 100 % polarization of the local Cu2+ 

moments by Ye et al. [17]. Near 100% spin polarization of the localized 3d spins of the 

Cu ions since has been confirmed experimentally by our group [19] .Unfortunately, Cu 

doping is found to reduce carrier density  in the ZnO films by several orders of 

magnitude, which degrade the utility of Cu:ZnO as an efficient source of polarized spins 

for injection into semiconductor devices. In this work, we have investigated the codoping 

of Cu:ZnO thin films with Al as a means of increasing the concentration of free carriers. 

Earlier studies in which Al has been added to Co:ZnO have been inconclusive about the 

role of Al and the free carriers in stabilizing ferromagnetic ordering [22,23]. In our study, 

we find that Al doping up to 5% increases carrier concentrations by 3 orders of 

magnitude while still retaining the outstanding magnetic properties of the DMS. These 

findings seem to rule out a carrier mediated mechanism [e.g Rudderman-Kittel-Kasuya-

Yoshida(RKKY)] in stabilizing ferromagnetic ordering in ZnO based DMS [7,11]. A 

bound magnetic polaron model [24,25] is a more probable explanation at least for the 

ferromagnetism observed in the low-carrier-density systems. 
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7.3 Experimental approach 

In this study, ZnO thin films codoped with Cu and Al were grown on c-plane sapphire 

single crystal substrates by pulsed laser deposition. Powder targets of the various 

compositions were prepared by conventional solid state reaction technique. A pulsed KrF 

excimer  laser with wavelength of 248 nm was used for thin film deposition. The laser 

beam had an energy density of 3-4 J/cm2 and a repetition rate of 10Hz. Thin films were 

grown for 15 min  in the temperature range of 550-600 0C and at a pressure of  10-6 torr. 

This yielded films of about 0.5 μm thickness. X-ray diffraction of the films was carried 

out using a Rigaku X-ray diffractometer with Cu Kα radiation and Ni filter. 

Microstructural characterization was done using a JEOL-2010 field-emission 

transmission electron microscope equipped with GIF (Gatan Image Filter) tuning 

attachment. Temperature dependent electrical resistivity measurements were done using a 

four point probe over the temperature range of 15-300 K. Room temperature Hall 

measurements were carried out using a “Ecopia Hall Measurement System”. Magnetic 

measurements were done using a Quantum Design SQUID (superconducting quantum 

interference device) magnetometer and VSM (vibrating sample magnetometer) over the 

temperature range of 5-300 K.  Chemical analysis of the films was carried conducted 

using a X-ray photospectrometry (XPS) analyzer. And finally, optical 

absorption/transmission measurements were made using a Hitachi Spectrophotometer. 
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7.4 Results 

The X-ray diffraction patterns (intensity vs 2θ) of the codoped ZnO films, shown 

in Figure 7.1a, indicate that all the films are highly textured (or epitaxial) with a c-axis 

preferred orientation. The absence of any additional unindexed peaks suggests that there 

are no secondary phases present. Figure 7.1 b shows a plot of the c-lattice parameter as a 

function of Al concentration, which indicates a gradual decrease in c parameter with 

increasing Al content. This is consistent with the assumption that the smaller Al atoms 

are directly substituting for the Zn in this system. A detailed microstructural 

characterization of the films using high resolution TEM (HRTEM) was then conducted to 

further investigate the film quality and its epitaxial relationship with the substrate. TEM 

cross-section images at low magnification showed the films to be about 500 nm thick. 

Low magnification bright field/ dark field images found no evidence for the presence of 

secondary phases or precipitates.   A high resolution micrograph (Figure 7.2a) of the 

film-substrate interface confirmed the epitaxial characteristics of the film with respect to 

the substrate. The interface is found to be compositionally abrupt and atomically sharp 

with no evidence of any interfacial reaction. The HRTEM micrograph of the film (Figure 

7.2b) confirms the film to be single crystal and again verifies the absence of any 

secondary phases or precipitates. A detailed TEM analysis suggests that the dopants (Cu 

and Al) have directly substituted for the Zn in the ZnO lattice sites. A fast fourier 

transformation performed on both micrographs (Figure 7.2 a & b insets) shows spots 

corresponding only to the film and the substrate.  The selected area electron diffraction 

pattern (Figure 7.2c) across the interface shows no additional spots, ruling out the 
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presence of any secondary phases or clusters, and confirms a perfect epitaxy of the film 

with the substrate.  From the diffraction pattern, the following epitaxial relationship 

between the film and the substrate is derived : (0002)s ║(0002)f, (01 0)s║ ( 110)f, [2

0]s║ [01 0]f . This represents an in-plane rotation of 300 or 900 of the film with respect to 

the substrate, about the c axis.  This leads to alignment of ½(03-30) planes of sapphire 

with (2-1-10) planes (a planes) of ZnO film, or domain matching of sapphire planes (with 

asap/ 3  spacing) and a-planes of ZnO. The strain calculated from planar spacing between 

the matching planes of sapphire and ZnO is 15.44 %, which corresponds to domain 

matching regularly alternating e between 5/6 and 6/7 pairings as predicted by Narayan et 

al.[26]  The Fourier-filtered image in Figure 7.2d clearly shows this alignment of 

domains where 5/6 and 6/7 domains of (2110) planes of ZnO and (03 3 0) planes, of 

sapphire alternate to accommodate 15.44% misfit. Through this domain matching epitaxy 

(DME) fully relaxed ZnO films have been grown epitaxially onto (0001) α-sapphire 

despite the high lattice mismatch. This is consistent with the fact that the critical 

thickness in this large misfit system is less than a monolayer [26] , effectively driving the 

system towards full relaxation upon completion of the first monolayer. 

Chemical analysis of the films has been performed with X-ray photoelectron 

spectroscopy. Only peaks corresponding to Zn, Cu, Al, O and C are identified in the 

survey spectrum (Figure 7.3a). High resolution scans of Cu2p, Al2p and Al2s peaks 

provide information on the oxidation states and the characteristics of bonding of the 

dopant atoms to oxygen. The scan of Cu 2p peaks (Figure 7.3b) shows the positions of 

the Cu 2p3/2 and Cu 2p1/2 peaks to be 933.23 eV and 953.12 eV, respectively. This 
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corresponds to a mixed oxidation state of +1 and +2 (predominantly +2) for Cu. The 

position of the Al 2p (Figure 7.3c) peak is determined to be at 74.29 eV and that of the Al 

2s peak to be at 118.85 eV. This verifies that the oxidation state of Al in ZnO matrix is 

+3 and that it is acting as a donor. These results are consistent with the dopant atoms 

substituting directly the Zn sites in the ZnO crystal lattice. 

Optical absorption measurements were performed on these samples. The 

transmission spectroscopy results for Zn0.98-xCu0.02AlxO (x= 0, 0.03, 0.05, 0.08) are 

plotted as a function of wavelength in Figure 7.4.  All the films show transmittance of 

about 75%. The spectra clearly show the primary band edge of these films to be in the 

wavelength range of 358-382 nm. The bandgap shows a systematic shift to higher values  

with increasing Al concentration, which suggests that a uniform substitution of Al for Zn 

in the lattice is occurring. 

Electrical resistance (sheet resistance) measurements have been performed using a 

four-point probe configuration over the temperature range of 15-300 K (Figure 7.5). The 

room temperature resistance of the Zn0.98Cu0.02O film is about 500 KΩ. On addition of 3-

5% Al the resistance drops by more than 3 orders to about 100 Ohm. Further addition of 

Al leads to an increase in resistance, but even for concentrations of 8% Al the resistance 

of the films is still about 2 orders of magnitude below that of the original Cu-doped ZnO 

films. Hall measurements performed at room temperature indicate that the carrier 

concentration of the Zn0.98Cu0.02O film is 1.03x1017 cm-3and the mobility is 2.46 cm2/Vs. 

Such a low value for carrier concentration explains the high resistance seen in Cu-doped 

ZnO thin films. The carrier concentration and mobility values for the 3% Al doped 
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sample are 1.33x1020 cm-3 and 5.83 cm2/Vs, respectively. Above 5% Al these values 

begin to drop again , brought about by the increased scattering of the carriers by Al 

atoms.[27] .Also, the larger strains associated with Al additions may be inducing 

additional defects that are acting to remove carriers. The carrier concentration, mobility 

and resistivity values for all of the samples are summarized in Table 7.1. 

Magnetic measurements have been carried out on all the samples using both a 

SQUID magnetometer and a VSM over a temperature range of 5-300 K. The M vs. H 

results at 300K for all the films are shown in Figure 7.6. All the measurements have been 

corrected for the diamagnetic contribution of the substrate. The M vs H curves for all the 

films display hysteresis and saturation behavior suggestive of ferromagnetic behavior at 

room temperature. As in our previous work, the effective moment per Cu atom is found 

to be very high (~0.75 μB/Cu atom) for the lowest dopant concentrations (1%-2%)  of Cu  

[20]. The M vs H plots here have the magnetic moment expressed in terms of total 

moment per volume (emu/cc). The saturation magnetization moment for the 

Zn0.98Cu0.02O film is 6.8 emu/cc. Codoping with 3% and 5% Al does not significantly 

change the saturation magnetization values. The Ms value for the 3% and 5% Al codoped 

samples are 6.1 emu/cc and 6.0 emu/cc, respectively. These values are within the 

experimental error arising from uncertainties in the film thickness, composition and 

instrument sensitivity. In addition, the presence of a foreign element (Al) will introduce 

slight modification in the crystal field of the ZnO that will affect the magnetic ordering of 

Cu atoms. As more Al is incorporated there is a definite drop in the magnetic moment. 

The Ms value for the 8% Al codoped film is found to be 4.1 emu/cc. Thus, the 
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combination of magnetization and resistivity measurements suggests that the introduction 

of external carriers does not enhance ferromagnetic ordering in Cu doped ZnO thin films. 

And in fact, increasing the donor concentration beyond ~5% actually appears to introduce 

additional disorder in the system that disrupts the ferromagnetic ordering of the localized 

Cu moments in ZnO. 

 

Annealing the films at high temperature (6000C) in oxygen atmosphere leads to a 

marked decrease in Ms and a collapse of the hysteresis loop. In contrast, annealing these 

films in vacuum at the same temperature brings about no change in the Ms values. These 

results seemingly suggest that defects, which we believe to be oxygen vacancies, are 

responsible for establishing  ferromagnetism in the Cu:ZnO films. The oxygen vacancies 

are formed in the oxygen deficient ZnO. The high-temperature oxygen anneal is assumed 

to lead to diffusion of oxygen into the films and annihilation of the oxygen vacancies. 

This appears to be supported by XPS studies.  A comparison of the high resolution XPS 

scans of the O1s peak (overlapping peaks centered at 530 eV and 532 eV) of the as 

grown and oxygen annealed Zn0.95Cu0.05O films showed a large reduction in the 

magnitude of the 532 eV peak upon annealing.  The peak at 530 eV has previously been 

attributed to O2- ions present in a stoichiometric wurtzite ZnO structure, whereas the 532 

eV peak is associated with O2- ions in oxygen-deficient regions of the ZnO matrix [28]. 

At the same time, the high resolution scan of the Cu2p peaks showed no change in the 

oxidation state of Cu in the films before and after annealing. This should rule out a 

reduction in Cu2+ as a reason for a decrease in Ms values after annealing. Annealing in 
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oxygen at high temperatures also resulted in a drop in carrier concentration, which is in 

agreement with earlier reports. [13,29] 

7.5 Discussion 

It has been found that codoping Cu:ZnO thin films with an extrinsic donor (Al) 

leads to a large increase in free carriers. Al in +3 state behaves as a donor in ZnO and 

hence introduces carriers in the form of electrons. Room-temperature Hall measurements 

(Table 7.1) show that the electron concentration increases from 1.0 x1017 to 1.5x 1020 

with increasing Al concentration up to 5 % Al. Further increases in Al content lead to a 

decrease in both sample conductivity and carrier density. This is consistent with earlier 

studies [27,30] where a peak in the conductivity is found in the range of 3-5 % of Al (or 

Ga) in ZnO films. This is envisaged to be a result of an increase in disorder caused by 

dopant addition above a certain limit 27 and strain induced defect generation that removes 

carriers from the system.  . 

Previous studies on transition metal doped ZnO films containing Al, provide 

contradicting reports regarding the effect of Al on the magnetic properties of the DMS. In 

one case Liu et al. [22] reported that the addition of Al to Co:ZnO led to the appearance 

of RTFM in previously paramagnetic samples, whereas Alaria et al. [23] did not observe 

this transition to ferromagnetism upon doping Co:ZnO with 0.5% Al. However, in both 

of these cases the incorporation of Al leads to an increase in carrier concentration. In our 

study of the Cu:ZnO system,  the addition of 3% Al increases the carrier concentration by 

3 orders of magnitude without significantly altering the ferromagnetic character of the 
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films, (Figure 7.5). It is only at Al concentrations above 5% that a significant drop in total 

magnetic moment occurs. This is accompanied by a 20-fold decrease in conductivity 

compared to 3% and 5% Al doped samples. This conductivity drop is attributed to the 

strain disorder effects that are induced beyond 5% Al.The dopants also disrupt 

ferromagnetic coupling between Cu atoms, thus leading to a reduction in the total 

magnetization in the higher Al samples. Therefore, in contrast to the results by Ueda et 

al.[7] where carrier densities of 1020 cm-3 were needed to produce ferromagnetism in Co-

doped ZnO , we find that Cu-doped ZnO films display room temperature ferromagnetism 

with carrier (electron) densities as low as 1017 cm-3. . Interestingly, an increase in carrier 

density of 3 orders of magnitude to 1020 cm-3 does not improve the ferromagnetism any 

further. Even though the role of free carriers can not be entirely ruled out since the 2% Cu 

doped ZnO still has a carrier concentration of 1017 cm-3, defects associated with oxygen 

deficient compositions (e.g. oxygen vacancies) appear to be having a much greater effect 

in mediating ferromagnetic ordering in this ZnO based DMS system.  Based on this, it is 

argued that a free-carrier mediated mechanism (e.g. RKKY [31]or Double exchange[11] ) 

is not a plausible explanation for ferromagnetism in ZnO based DMS materials, and that 

a defect-mediated mechanism needs to be invoked. Similar correlations between oxygen 

vacancy concentration and ferromagnetic ordering have been observed in recent studies 

on other oxide-based DMS systems including Fe:SnO2
 [12], Co:TiO2 [32,33], Co:CeO2 

[34] and Co:ZnO[35,36]. A defect mediated mechanism namely a bound magnetic 

polaron [24] or F – center mediated [12] exchange mechanism has been suggested as 

being responsible for the ferromagnetism in these systems.  The F center is comprised of 
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an electron trapped by a vacancy. It is postulated that the trapped electron occupies an 

extended orbital state that can overlap with the d shells of neighboring transition metal 

atoms. The Cu2+ ions are in 3d9 state and will have only one unoccupied minority spin 

orbital available for interaction with the trapped electron. Thus, the trapped electron will 

align in an antiparallel configuration with the net moment of the individual dopant atoms. 

This would cause the neighboring dopant atoms to align in a parallel configuration with 

each other leading to an effective ferromagnetic coupling between them. Removal of 

oxygen vacancies from the system, for example through a high-temperature oxygen 

anneal, would weaken the exchange interactions coupling the local Cu moments and lead 

to a weakening of the ferromagnetic order.  Such a mechanism does appear to be 

consistent with the findings of this work.  

7.6 Conclusion 

In summary, we have grown ZnO thin films codoped with Cu and Al using pulsed 

laser deposition. The films are grown epitaxially on (0001) sapphire substrates by DME 

where 5 or 6 (2110) planes of ZnO are matched with 6 or 7 (033 0) planes of sapphire. 

Both optical absorption measurements and chemical analysis done by XPS indicate that 

Cu and Al are substituting directly for Zn within the ZnO lattice. Nanoscale structural 

characterization using HRTEM shows that the films are single crystal with near perfect 

epitaxy to the substrate. The HRTEM studies also rule out the presence of any secondary 

phases or nanoclusters. The addition of Al into Cu-doped ZnO thin films increases the 

carrier density  by more than 3 orders of magnitude, but doping with Al does not effect 
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the ferromagnetic ordering compared to the undoped Zn0.98Cu0.02O films. This lack of 

correlation between ferromagnetic ordering and carrier concentration seems to rule out 

free carrier mediated mechanism as the dominant source for stabilizing ferromagnetism 

in these DMS systems. Annealing the films in oxygen atmosphere at 600ºC (which 

should remove oxygen vacancies) results in a sharp drop in Ms, whereas annealing at the 

same temperature under vacuum has no effect on the magnetic properties of the films.  

Thus, oxygen vacancies (or possibly some other defect associated with oxygen deficient 

ZnO) appear to play an important role in establishing room temperature ferromagnetism 

in these films.  And while no specific mechanism for establishing ferromagnetic order in 

Cu:ZnO has been identified in this work, a defect mediated mechanism like the bound 

magnetic polaron (or F-center), which has previously been proposed in the literature, 

would seem to be consistent with our findings to date.    
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Table 7.1: Electrical properties of (Cu,Al) doped ZnO films 
 

Al % Carrier(e-)Concentration 

(cm-3) 
 

Mobility (cm2/Vs) Resistivity(Ohm cm)

0 1.03x1017 2.46 2.32x101 

3 1.33x1020 5.83 5.01x10-3 

5 1.53x1020 2.64 1.33x10-2 

8 7.90x1018 1.54 5.09x10-1 
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Figure 7.1: a) X-ray diffraction pattern of Zn0.98-xCu0.02AlxO(x =0,0.03,0.05,0.08) 
films b) C-lattice parameter as a function of Al concentration. 
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Figure 7.2:  a) HRTEM micrograph showing interface between Zn0.93Cu0.02Al0.05O 
film and substrate. b) HRTEM micrograph of  Zn0.93Cu0.02Al0.05O film c) Diffraction 
pattern at the interface. d) Fourier-filtered image of matching of (2-1 -10) ZnO and 

(03-30) sapphire planes with a frequency factor (α ≈0.5) for 5/6 and 6/7 domain. 
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Figure 7.3: a) XPS survey spectrum of  Zn0.93Cu0.02Al0.05O film. b) XPS high 

resolution scan of Cu 2p peaks. c) XPS high resolution scan of Al 2p peak. d) XPS 
high resolution scan of Al 2s peak. 
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Figure 7.4: Optical transmission spectra for Zn0.98-xCu0.02AlxO (x =0,0.03,0.05,0.08) 
films. 
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Figure 7.5: Temperature dependence of resistance for Zn0.98-xCu0.02AlxO (x = 
0,0.03,0.05,0.08) films. 
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Figure 7.6: M vs H data at 300 K for Zn0.98-xCu0.02AlxO (x =0,0.03,0.05,0.08) films. 
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8 Chapter 8: The effect of oxygen annealing on ZnO:Cu and  

ZnO:(Cu,Al) diluted magnetic semiconductors 

(Journal of Physics D: Applied Physics – Accepted) 

8.1 Abstract 

Here we report a systematic study of magnetic, electronic and microstructural properties 

of Cu-doped and Cu and Al codoped ZnO thin films, grown epitaxialy on (0001) sapphire 

substrate by pulsed laser deposition technique. The films were annealed in oxygen at high 

temperature (600 0C) and their properties were compared with the as deposited films in 

order to study the role of defects like oxygen vacancies on the ferromagnetic properties. 

The doping of ZnO:Cu specimens with Al increased the carrier concentration by three 

orders of magnitude (from 1017 to 10 20 cm-3) without altering the ferromagnetic ordering. 

On the other hand, a reduction in oxygen vacancies concentration brought about by high 

temperature annealing in oxygen had a large detrimental effect on the ferromagnetism. 

These results tend to eliminate a free- carrier mediated mechanism and point towards a 

defect mediated mechanism, such as a bound-magnetic-polaron mediated exchange, as 

being responsible for stabilizing long-range ferromagnetic ordering in these systems. 
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8.2 Introduction 

Diluted magnetic semiconductors (DMS) have attracted a lot of attention recently as 

potential candidates for use in spintronics applications [1,2]. Following the theoretical 

prediction by Dietl [3], that p-type GaN and ZnO would show Curie temperatures higher 

than 300 K, a number of studies have been carried out on these systems. In particular, 

ZnO has attracted recent attention because of its favorable properties including wide band 

gap (3.3 eV), high exciton binding energy (60 meV), and good piezoelectric properties, 

which make it attractive for many UV photonics and transparent electronic applications 

[4]. However, contrary to Dietl’s prediction that hole mediation is necessary for obtaining 

high temperature ferromagnetism, Sato et al. predicted that Co,Fe,Ni, doped n-type ZnO 

would display room temperature ferromagnetism [5]. Following this Ueda et al.[6] 

reported that highly conducting (n-type) Co-doped ZnO displayed room temperature 

ferromagnetism. Following this work room temperature ferromagnetism in transition 

metal doped ZnO has been reported by many researchers [7-9]. But there also exist 

reports where either no ferromagnetism was found or where it was attributed to the 

presence of magnetic nanoclusters and secondary phases [10-12]. The preparation 

method and growth conditions appear to play an important role in determining the 

magnetic behavior of the ZnO based DMS materials [13]. There is also a debate about the 

mechanism governing the ferromagnetic ordering in ZnO-based DMS. Even though 

earlier studies suggested a free-carrier mediated exchange mechanism as being 

responsible for ferromagnetic ordering in DMS systems [5,6], more recent studies have 

attributed ferromagnetic order to the presence of defects like oxygen vacancies [14,15]. 
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Furthermore, the occurrence of room-temperature ferromagnetism in systems having very 

low carrier concentration, also suggest that the ferromagnetic ordering is not due to free 

carriers.  

Cu-doped ZnO has drawn the attention of the scientific community because the Cu2+ ion 

has a potential magnetic moment of +½, and Cu and its oxides (CuO and Cu2O) are 

found to be non ferromagnetic [16]. The latter removes any possibility of the 

ferromagnetic signal from the Cu:ZnO films arising due to magnetic nanoclusters and 

secondary phases. Both theoretical [17,18] and experimental [19-22] reports have found 

RTFM in the Cu:ZnO system. Ye et al. [17] first predicted that the Cu:ZnO system would 

display 100% polarization of the local Cu2+ moments. Near 100% spin polarization of the 

localized 3d spins of the Cu ions since has been confirmed experimentally by our group 

[21]. The decrease in carrier concentration in ZnO thin films upon doping with Cu 

[21,23] suggests that free carrier mediated exchange may not be playing a role in 

stabilizing the ferromagnetic order in these systems. This has been further confirmed 

experimentally by our group [24] by codoping Cu:ZnO with Al. An increase in carrier 

concentration by 3 orders of magnitude does not seem to affect the ferromagnetic 

ordering significantly suggesting very little correlation between carrier concentration and 

ferromagnetic ordering. In this study, we have grown Cu doped and Cu and Al codoped 

ZnO films and annealed them at high temperatures in oxygen ambient. A comparison of 

the electrical and magnetic properties of the as-deposited and annealed samples showed 

that there was a sharp drop in saturation magnetization on annealing. This presumably 

results from quenching of oxygen vacancies during annealing.  This observation, in 
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conjunction with earlier findings in Al-doping studies, suggests that it is the presence of 

oxygen vacancies, and not the associated variation in free carriers, that is directly 

responsible for mediating the ferromagnetic ordering between 3d spins of Cu ions. This 

further suggests that a defect mediated mechanism like F-center[25] or bound magnetic 

polaron exchange[26, 27] is needed to explain the ferromagnetic ordering of spins in Cu-

doped ZnO thin films  

8.3 Experimental approach 

In this study, ZnO thin films doped with Cu (1%,2%,5% and 10%) and codoped with 

Cu(2%) and Al (3% and 5%) were grown on c-plane (0001) sapphire single crystal 

substrates by pulsed laser deposition. Powder targets of various compositions used were 

prepared by conventional solid-state reaction technique. A pulsed KrF excimer laser with 

wavelength of 248 nm was used for thin film deposition. The laser beam had an energy 

density of 3-4 J/cm2 and a repetition rate of 10Hz. Thin films were grown for 15 min  in 

the temperature range of 550-600 0C and at a pressure of  10-6 torr. This yielded films of 

about 0.5 μm thickness. Then these films were annealed in oxygen at 6000C and a 

pressure of 100 KPa for 30 min in order to remove oxygen vacancies. The properties of 

these films were then compared with those of the as-deposited films of the same 

composition which has been previously reported in Ref [21,24]. X-ray diffraction (XRD) 

of these films was carried out using a Rigaku x-ray diffractometer with Cu Kα radiation 

and Ni filter. Microstructural characterization was done using a JEOL-2010 field-

emission transmission electron microscope equipped with GIF (Gatan Image Filter) 
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tuning attachment. Temperature dependent electrical resistivity measurements were made 

using a four-point probe over the temperature of 15-300 K. Room-temperature Hall 

measurements were carried out using a “Ecopia Hall Measurement System”. Magnetic 

measurements were performed using a Quantum Design SQUID (superconducting 

quantum interference device) magnetometer and VSM (vibrating sample magnetometer) 

over the temperature range of 5-300 K.  Chemical analysis of the films grown was carried 

out  by X-ray photospectrometry (XPS) performed using a Riber LAS-3000 instrument 

with a Mg Kα x-ray source having an energy resolution of 0.9-1.0 eV.  

8.4 Results and discussion 

The results of XRD measurements from both annealed and as-deposited samples are 

shown in Figure 8.1 a and b. The XRD patterns (Figure 8.1 a) of the annealed and the as-

deposited Cu-doped ZnO films show the films to be highly textured along the c-axis with 

no extra peaks being observed  that might be associated with the presence of secondary 

phases. The one exception is the 10 % Cu samples, which show peaks corresponding to 

the secondary phase Cu2O. The XRD patterns for both the annealed and the as-deposited 

Cu, Al co-doped films, showed similar results (Figure 8.1 b). One point to note is that the 

oxygen annealing brought about no structural changes in the films. This was further 

confirmed by a detailed structural characterization using High Resolution TEM. The 

HRTEM micrograph of the annealed Zn0.95Cu0.05O film and the substrate interface 

showed the interface to be atomically sharp without any interfacial reactions (Figure 8.2 

a). The film shows perfect epitaxy with the substrate; it is a single crystal and is devoid of 
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any secondary phases and clusters. The selected area diffraction pattern from the film – 

substrate interface (Inset Figure 8.2 a) not only showed the absence of spots apart from 

those belonging to the film and substrate, but also confirmed a perfect epitaxy of the film 

with the substrate. The following orientation relationship was derived between the film 

and the substrate : (0002)s ║(0002)f  in the out of plane direction and  (01 0)s║ ( 110)f, 

[2 0]s║ [01 0]f  in the plane of the film. This matching of planes in the plane of the 

film corresponds to an in-plane rotation of the film with respect to the substrate of 300 or 

900 about the c axis. Low magnification bright field/ dark field images again confirmed 

the absence of any secondary phase or precipitates except in the 10% Cu:ZnO films 

(Figure 8.2 b). Thus, a detailed structural characterization suggests that even after 

annealing the dopants (Cu and Al) reside in substitutional Zn lattice sites in the films for 

Cu concentrations up to 5%. 

Chemical analysis of the annealed films were performed by X-ray photoelectron 

spectroscopy and compared with the XPS scans of as-deposited films to identify any 

additional incorporation of foreign elements or change in the oxidation state of the 

dopants. The survey spectrum of the annealed Zn0.95Cu0.05O film (Figure 8.3 a) showed 

peaks corresponding to only Zn, Cu, O and C, thus ruling out incorporation of any 

additional impurities during high-temperature annealing in the oxygen ambient. A high 

resolution scan was done of the Cu 2p peaks. Figure 8.3 b shows a comparison for the Cu 

2p peaks for the Zn0.95Cu0.05O film, both annealed and as-deposited. It is observed that 

the high temperature annealing in oxygen did not cause any shift in the Cu 2p peaks 

where the Cu 2p3/2 and 2p1/2 peaks are located at 933.3 and 952.3 eV, respectively. The 
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curves can be Gaussian fitted with a major Cu2+ component (by fixing 2p3/2 peak at 933.6 

and 2p1/2 peak at 953.5 corresponding to peak positions of Cu2+ in CuO) and a Cu1+ 

minor component (by fixing 2p3/2 peak at 932.6 and 2p1/2 peak at 952.5 corresponding to 

peak positions of Cu1+ in Cu2O) [28]. This result suggests that even after annealing in 

oxygen, the Cu continues to exist in a mixed valence state of +1 and +2, with +2 being 

the predominant state, similar to that reported previously for the as-deposited film in Ref 

[21].This rules out the possibility that any changes in magnetic properties (to be 

discussed later) is occurring due to a change in the oxidation state of the Cu ions. The 

electronic configuration of Cu2+ is 3d94s0 and that of Cu1+ is 3d104s0. Thus, since Cu in 

+1 state has no unpaired spins, a Cu ions will only contribute to the net ferromagnetic 

moment if it is in the +2 state,. Therefore, the observation that there is no measurable 

change in the oxidation state of Cu following annealing suggests that any change in 

magnetic behavior brought about by annealing should be attributed to changes in 

coupling of spins either through intrinsic defects or carriers, and is not due to a change in 

the effective number of ions contributing to the net ferromagnetic moment. A high-

resolution scan of Al 2p peak (Figure 8.3 c) in the annealed Zn0.95Cu0.02Al0.03O film 

shows that it exists in a +3 state both before and after annealing, and should be acting as a 

shallow donor introducing carriers. A comparison of the high resolution XPS scans of the 

O1s peak (overlapping peaks centered at 530 eV and 532 eV) of the as grown and oxygen 

annealed Zn0.95Cu0.05O films showed a large reduction in the magnitude of the 532 eV 

peak upon annealing (Figure 8.4).  The peak at 530 eV has previously been attributed to 

O2- ions present in a stoichiometric wurtzite ZnO structure, whereas the 532 eV peak is 
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associated with O2- ions in oxygen-deficient regions of the ZnO matrix [29]. Therefore, it 

suggests that high temperature annealing in oxygen ambient leads to diffusion of oxygen 

into the films and annihilation of the oxygen vacancies. In summary, a detailed XPS 

analysis of the annealed and as-deposited films [21,24] indicates that high temperature 

oxygen annealing did not significantly alter the oxidation states of either of the dopants 

but it causes quenching of the oxygen vacancies. 

Detailed electrical characterization of both the annealed and the as-deposited films were 

carried out by performing resistance versus temperature measurements using a four point 

probe technique and by making room temperature Hall measurements using a “Ecopia 

Hall Measurement System”. The room temperature resistance of all the as-deposited Cu-

doped ZnO films was ~ 0.5-1 M ohms, although the Cu concentration did not correlate 

directly with the resistance of the films. When compared with an undoped ZnO film there 

was a 1-2 order of magnitude increase in the film resistance upon doping with Cu.  Then 

upon Al doping a drop in the resistance of the Zn0.95Cu0.02Al0.03O film by more than 3 

orders of magnitude was observed; the resistance was now of the order of 100 ohms. 

Room temperature Hall measurements found all the Cu-doped samples (Cu concentration 

1-10%) to be n-type with carrier concentrations in the range 0.5-1 x 1017 cm-3. The 

addition of Al to the 2% Cu doped sample was accompanied by an increase in carrier 

concentration from 1x1017 cm-3 for the Zn0.97Cu0.02O film to about 1.3x1020 cm-3 for the 

3% Al codoped sample and 1.5x1020  cm-3 for the 5% Al codoped sample, respectively. 

The occurrence of n-type behavior in unintentionally doped ZnO thin films grown in 

vacuum has been attributed to the presence of point defects like oxygen vacancies.[30,31] 
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Oxygen vacancies have also been shown to play an important role in establishing the 

conductivity of (Al,Ga) doped ZnO [32]. The presence of Cu in the ZnO appears to 

increase resistivity by extracting electrons. In the current study, as-deposited films doped 

with Cu have a resistance on the order of 500 K ohms (compared to around 10 K ohms 

for undoped ZnO)  and  an electron carrier concentration of around 1017 cm-3, due to the 

presence of oxygen vacancies. The addition of a donor like Al to the 2% Cu doped ZnO 

film introduces additional free carriers, increasing the carrier concentration to around 1020 

cm-3. 

Annealing these films in the presence of oxygen at high temperatures was expected to 

lead to the in-diffusion of oxygen and the removal of oxygen vacancies that formed in the 

ZnO thin films grown under high vacuum. As expected, the oxygen anneal was 

accompanied by a rise in resistivity and drop in carrier concentration in all of the films. 

The resistance of the annealed Cu:ZnO films increased by at least 2 orders of magnitude 

when compared to the as-deposited films. The exact value could not be ascertained since 

the resistance went beyond the upper measurement limit of the test equipment. Similarly, 

the accompanying drop in carrier concentration for these samples was below the carrier 

detection limit of the Hall equipment (<1015 cm-3). High temperature oxygen annealing 

had a similar effect on the electrical properties of the (Cu,Al) codoped films. For 

example, the resistance of the Zn0.95Cu0.02Al0.03O film increased from about 100 ohms to 

around 0.5 M ohms upon annealing, and the carrier (electron) concentration was observed 

to drop from 1x1020 cm-3 to 2.5 x1016 cm-3. The electron mobility increased upon oxygen 

annealing from ~5 cm2/Vs to 12 cm2/Vs, which is attributed to a reduction in scattering 
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by ionized species (oxygen vacancies). Thus, we see that these results are in agreement 

with the claims that oxygen vacancies are responsible for conduction in ZnO films [32]. 

Figure 8.5 compares the resistance of some of the selected films in the temperature range 

of 15 – 300 K and Table 8.1 summarizes the free carrier concentrations in these films. 

Magnetic measurements were carried out on the samples (both as deposited and 

annealed) using both a SQUID magnetometer and a VSM in the temperature range of 5-

300 K. To investigate the role of defects (like oxygen vacancies) various annealing 

studies in oxygen ambient were performed. The Cu-doped and Al-Cu codoped films were 

annealed in oxygen at a temperature of 600 0C for 30 minutes in order to remove oxygen 

vacancies in these films by in-diffusion of oxygen into the samples. Figure 8.6 a 

summarizes the M vs H measurements at 300 K for as-deposited Cu:ZnO films with 

varying Cu concentrations (1, 2, 5 and 10%). Figure 8.6 b summarizes M vs H 

measurements at 300 K for the same films after high-temperature annealing in oxygen. 

The magnetic moment is plotted as emu/cc, and all of the films (both annealed and as-

deposited) show ferromagnetic characteristics at room temperature. But when we 

compare the magnetic moments, it becomes evident that there is a dramatic drop in the 

saturation magnetic moment (Ms) of all of the films following annealing. The M vs T 

measurements done at 1000 Oe (from 5-300 K) on both the as deposited and annealed 

Zn0.98Cu0.02O films show a relative reduction in Tc for the annealed film (Figure 8.6 c). 

Although both films have Tc > 300K and the exact value could not be measured, the 

relative drop in magnetic moment from 5K to 300K is much larger for the annealed film 

than the as deposited, hence confirming our assumption. The Figure 8.7 a shows a plot 
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comparing Ms vs Cu concentration for both the as-deposited and the annealed films. Two 

important features can be noted. First, even though the films retained their ferromagnetic 

behavior at room temperature, there is a drastic reduction in the Ms values.  The Ms for 

the Zn0.95Cu0.05O film decreases from 14 emu/cc to around 2 emu/cc, and for the 

Zn0.98Cu0.02O film the moment drops from 6.8 emu/cc to 2 emu/cc after annealing. 

Another interesting implication of the quenching of oxygen vacancies, which is  observed 

in Figure 8.7 a, is that the Cu concentration at which the total magnetic moment peaks 

shifts to lower concentrations in the annealed samples. As the concentration of dopants 

increases the probability that they would occupy adjacent sites also increases. With the 

filling up of oxygen vacancies upon annealing, neighboring Cu ions which were coupled 

via an oxygen vacancy (ferromagnetic exchange) are now being coupled by an oxygen 

bond (antiferromagnetic exchange). This conversion of ferromagnetic coupling of 

moments to antiferromagnetic superexchange coupling rapidly drives the higher Cu 

containing systems to magnetic disorder, shifting the peak in Ms (or effective moment 

per dopant atom) to lower Cu concentrations in the annealed films. A third effect of 

oxygen annealing was the decrease in Tc observed in the annealed films. As the 

ferromagnetic exchange interaction becomes weaker, it would require lesser thermal 

energy (kBT) to overcome the magnetic ordering and hence lead to ferromagnetic to 

paramagnetic transition at lower temperatures. The radii of the BMPs decrease with 

increasing temperature. Therefore, for systems having much larger concentrations of 

BMPs the percolation of these throughout the sample would continue to exist at higher 

temperature meaning a higher Tc. 
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  Figure 8.7 b shows a plot comparing Ms (μB/Cu atom) vs Cu concentration for both the 

as-deposited and the annealed films. For the as-deposited films an effective magnetic 

moment of ~ 0.75 μB/Cu atom is obtained at lower Cu concentration (1.0, 2.0%) , and 

then gradually decreases with increasing Cu concentrations down to 0.23 μB/Cu atom for 

the 10% Cu sample. Considering that about 75-80% Cu ions exist in Cu2+ state, an 

effective magnetic moment of ~ 0.75 μB/Cu atom, when compared to the expected “bulk” 

magnetic moment for Cu2+ of 1.0 μB/Cu atom, suggests that the samples are undergoing 

nearly 100% polarization of the localized Cu 3d spins. Such high values of effective 

magnetic moment also indicate that the ferromagnetic property is being realized in from 

the bulk of the sample rather than being limited to just the surface. For the annealed films 

an effective magnetic moment of ~ 0.25 μB/Cu atom is observed for samples with low Cu 

concentration (1.0, 2.0%) that decreases to 0.01 μB/Cu atom in the 10% Cu sample. Such 

a drastic decrease in effective magnetic moment when compared to the as-deposited films 

gives further evidence of increase in the occurrence of oxygen mediated 

antiferromagnetic superexchange coupling between neighboring Cu ions in the annealed 

films. Under the oxygen annealing conditions of 6000C and 100 KPa the diffusion 

coefficient of O2 is estimated to be ~ 10-14 cm2/s [33], which equates to a diffusion length 

of ~ 100 nm for a 30 min anneal. Since the film thicknesses in this study are of the order 

of 500 nm it is quite possible that the annealed samples may have a non uniform 

distribution of oxygen vacancies across their thickness. However, the magnitude of the 

change of the magnetic moment clearly suggests that we are observing a bulk effect. The 

magnetic moments as reported by Rubi et al. [34] due to surface effects are an order of 
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magnitude smaller than the observed effective magnetic moment of 0.24 μB/Cu atom 

even in the annealed Zn0.98Cu0.02O film.    

Figure 8.8 presents M vs H measurements taken at 300K for the Zn0.98Cu0.02O 

(annealed and as-deposited) and Zn0.95Cu0.02Al0.03O (annealed and as-deposited) films. It 

reveals that even an increase in carrier concentration by 3 orders of magnitude, which 

occurs when the Zn0.98Cu0.02O film is codoped with 3% Al, does not significantly affect 

the ferromagnetic moment of the Cu-doped ZnO films. In fact, there is a slight decrease 

in the saturation magnetic moment. The Zn0.98Cu0.02O has a Ms of 6.8 emu/cc, whereas 

the Ms value for the 3% and 5% Al codoped samples are 6.1 emu/cc and 6.0 emu/cc, 

respectively. This clear lack of correlation between the number of free carriers and the 

magnetic moment almost certainly rules out a free carrier mediated exchange mechanism, 

such as RKKY, as being responsible for the ferromagnetic ordering here. However, 

subsequent oxygen annealing of the Zn0.95Cu0.02Al0.03O film does markedly affect the 

saturation magnetization, reducing Ms from 6.1 emu/cc to 1.8 emu/cc. Also, in this case 

the sample undergoes a large change in carrier concentration dropping to 2.5x1016 cm-3, a 

value that is not significantly less than that of the original as-deposited Zn0.98Cu0.02O film 

(1x1017 cm-3). Hence, the magnetic coupling in the system appears to be quite 

independent of the net free-carrier concentration, but strongly correlated to the oxygen 

vacancy concentration in the samples.  If a free carrier mediated mechanism were 

responsible for ferromagnetic ordering then the as-deposited Zn0.98Cu0.02O and annealed 

Zn0.95Cu0.02Al0.03O films would be expected to have similar magnetic properties and the 

as-deposited Zn0.98Cu0.02O and Zn0.95Cu0.02Al0.03O to have very different magnetic 
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properties. But this was not found to be the case. The quenching of oxygen vacancies is 

accompanied by a large decrease in the conductivity of the films because of the reduction 

in the number of free carriers. But this reduction in free carrier concentration, which is a 

by-product of the quenching of oxygen vacancies, is not believed to be a direct cause of 

the disruption of ferromagnetic ordering of Cu ions because of the arguments given 

earlier. Therefore, it appears clear from these experiments that the saturation magnetic 

moment, which is a direct indication of the ferromagnetic coupling of the Cu ions, is 

clearly dependent on the oxygen vacancy concentration and not the free carrier 

concentration, and that the presence of intrinsic defects (assumed to be oxygen vacancies) 

are directly responsible for the ferromagnetic coupling of Cu2+ dopant ions in this system.  

 

Lattice defects like oxygen vacancies appear to be playing a dominant role in stabilizing 

the ferromagnetic coupling between the spins of the Cu dopant ions. The role of oxygen 

vacancies in mediating ferromagnetic order has been reported recently for a number of 

systems: Fe:SnO2[25], Mn:ZnO [35], Co:ZnO [14,36].  Also, in agreement with previous 

reports, it has been found that the growth and processing conditions greatly influence the 

magnetic ordering [13]. Ramachandran et al [14] and Huang et al [36] reported that 

annealing Co-doped ZnO in oxygen at high temperature reduced the concentration of 

oxygen vacancies and led to a reduction in ferromagnetic order. Hsu et al.[15] have 

performed X-ray near edge spectroscopy on Co-doped ZnO films, and shown that the 

enhancement in ferromagnetism is directly related to an increase in oxygen vacancies. 

Rubi et al.[34] found that ferromagnetic ordering in Co-doped ZnO can be enhanced by 
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annealing in N2 and suppressed by annealing in O2, suggesting native defects are 

responsible for the ferromagnetic ordering. Other than oxygen vacancies, some groups 

have also reported the presence of another shallow donor, namely Zn interstitials, to be 

responsible for the observed ferromagnetism [37,38].  

Ferromagnetic coupling due to native defects like oxygen vacancies can be explained by 

the formation of a F-center [26] or Bound Magnetic Polaron (BMP)[39] in which an 

electron loosely bound to a charged defect, e.g. the oxygen vacancy, occupies an 

extended orbital around the defect forming an F-center or BMP. These overlap to form a 

spin-split impurity band. These electrons couple with the 3d spins of the magnetic dopant 

ions that lie within the extended orbital of the BMP. The Cu2+ exists in a 3d9 state and 

thus presents only one unoccupied orbital. The loosely bound electron will align in an 

anti parallel configuration with the spins of the individual dopant ions resulting in the 

spins on the neighboring dopant ions to align in a parallel configuration with each other, 

thus leading to an effective ferromagnetic coupling between the Cu2+ moments. In our 

study, we observed that the FM ordering did not change in spite of a large increase in free 

carrier concentration. But when subjected to oxygen annealing there was a substantial 

reduction in ferromagnetic ordering. This occurs because of an increase in oxygen 

content or conversely a reduction in oxygen vacancy and BMP concentration. The 

ferromagnetic exchange coupling between the 3d spins of the Cu ions will be weakened, 

thus explaining the reduction in Ms. Therefore, it can be proposed that a defect (oxygen 

vacancy) mediated mechanism like bound magnetic polaron (or F–center exchange) 

mediated mechanism is responsible for ferromagnetism in Cu doped ZnO based DMS. 
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8.5 Conclusion 

In summary, single crystal ZnO thin films doped with Cu and co-doped with Cu and Al 

have been grown epitaxially on (0001) sapphire substrates by pulsed laser deposition 

technique. Nanoscale structural characterization using HRTEM found the films to be 

single crystals showing a near perfect epitaxy with the substrate and devoid of any 

secondary phases or nanoclusters. The addition of Al to the Zn0.98Cu0.02O film did not 

have any significant effect on its magnetic properties despite a 3 order of magnitude 

increase in carrier (electron) concentration. This appears to eliminate free-carrier 

mediated exchange as being responsible for long-range ferromagnetic ordering in these 

systems. High temperature oxygen annealing, which reduces the oxygen vacancy 

concentration in these films, leads to a large decrease in the ferromagnetic moment of 

both the Cu doped and Cu and Al co-doped films irrespective of their carrier 

concentration. This suggests that an exchange mechanism mediated by bound magnetic 

polarons formed by oxygen vacancies is responsible for ferromagnetic ordering in the 

Cu:ZnO system. Furthermore, with a reduction in the oxygen vacancy concentration, this 

exchange is weakened leading to a sharp decrease in the magnetic moment. This apparent 

decoupling of the magnetic moment and the itinerant free electrons does raise the 

question of whether these oxide systems can become effective sources for spin current 

injection required for development of spin-based electronics.  Further studies are needed 

to examine this issue more closely. 
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Table 8.1: Free carrier concentrations in selected as deposited and annealed films 
 

 
Sample 

Carrier(electron) Concentration 
(cm-3) 

ZnO-Cu 2% (As deposited) 1.032x1017 

ZnO-Cu 2% (Anealed) < 1015 

ZnO(As deposited) 5.413x1018 

ZnO-Cu 2% Al 3% (As deposited) 1.334x1020 

ZnO-Cu 2% Al 3% (Annealed) 2.905x1016 
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Figure 8.1: a) X-ray Diffraction of Zn1-xCuxO(x=0.02,0.05,0.1)films both as 
deposited and annealed.The (#) indicates the peak Cu2O(110) and (*) indicates the 
peak Cu2O(220) b) X-ray Diffraction of Zn0.95Cu0.02Al0.03O films both as deposited 

and annealed 
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Figure 8.2: a) High Resolution TEM image of the annealed Zn0.95Cu0.05O film 
showing highly epitaxial film on (0001)sapphire with a clean interface. Inset: 

Diffraction pattern of the interface b) Low magnification image of the annealed 
Zn0.95Cu0.05O film 
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Figure 8.3: a) XPS Survey Spectrum of the annealed Zn0.95Cu0.05O film b) XPS 
high resolution scan of Cu 2p peaks for both the as deposited and annealed films 

c) XPS high resolution scan of Al 2p peak for the annealed Zn0.95Cu0.02Al0.03O 
film 
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Figure 8.4: High resolution XPS scan of  O1s peak of  a) Zn0.95Cu0.05O as deposited 
film b) Zn0.95Cu0.05O annealed film 
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Figure 8.5: Temperature dependent resistance measurement (15- 300 K) 
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Figure 8.6: a) M vs H for as deposited Zn1-xCuxO(x=0.01,0.02,0.05.0.1) films at 300K 

b) M vs H for annealed  Zn1-xCuxO(x=0.01,0.02,0.05.0.1) films at 300K c) M vs T 
(from 5-300 K) for both as deposited and annealed Zn0.98Cu0.02O films at 1000 Oe 
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Figure 8.7: a) Ms vs Cu % at 300 K for both the as deposited and annealed Cu-
doped ZnO thin films. b) μB/Cu atom vs Cu % at 300 K for both the as deposited 

and annealed Cu-doped ZnO thin films. 
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Figure 8.8: M vs H for Zn0.98Cu0.02O and Zn0.95Cu0.02Al0.03O films both the as 
deposited and annealed at 300 K 
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9 Chapter 9: Mechanism of ferromagnetism in ZnO based 

DMS materials 

The discussion of magnetic and electrical properties of the ZnO based DMS materials in 

the previous Chapters (5 – 8) showed certain trends in the properties of these materials. A 

brief discussion of these features and their possible cause would provide us with an 

insight about the origin of the ferromagnetic ordering of the localized 3d spins. Some of 

the important features observed are:-  

1. In as deposited Cu-doped ZnO films grown in a vacuum of 10-6 torr, a 2 order of 

magnitude of increase in resistivity was observed compared to undoped ZnO 

(which is n type). Ferromagnetism was observed at 300 K in all samples with the 

effective magnetic moment (μB/Cu atom) decreasing with increasing Cu content. 

At very low concentrations (< 2%) a near 100% polarization localized spins was 

observed. M vs T measurements revealed a negligible drop in total moment (~ 5-6 

%) over a temperature range of 10 – 300 K suggesting a Tc >> 300 K.[1] 

2. Comparison of the properties of ZnO films codoped with Co and Cu revealed that 

the magnetic ordering of the individual dopants was not affected by the presence 

of the dopants at lower concentrations, where the effect of codoping on magnetic 

moment was additive. The electrical resistivities of the (Co,Cu) codoped films 

was about 2 orders of magnitude higher than the just Co-doped films. Still, the 

ferromagnetic ordering between Cu ions was found to be much stronger than Co 

ions.[2] 
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3. Doping Cu-doped ZnO with Al led to an increase in free carrier (electron) 

concentration, and hence in conductivity, by three orders of magnitude from 1017 

cm-3 to 1020 cm-3. But this large increase in free carrier concentration brings about 

negligible change in magnetic properties.[3] 

4. Annealing these films in oxygen ambient lead to a) large decrease in magnetic 

moment and b) increase in resistance. There was also a shift in the Cu 

concentration to lower values at which the peak in total magnetic moment was 

observed. M vs T measurements also suggested a decrease in Tc.[4] 

 

A lack of correlation between the free carrier concentration and total magnetic moment 

clearly suggests that a free carrier mediated mechanism is not able to explain the 

observed ferromagnetic behavior of the Cu-doped ZnO system. This is further supported 

by the observation of very high magnetic moment in the semi-insulating Cu-doped ZnO 

films. Finally, the stronger ferromagnetic ordering observed between Cu ions (compared 

to Co ions, which do not detrimentally lower carrier concentrations in  ZnO) also appears 

to support the conclusion that free carriers are not directly involved in the magnetization 

process. In contrast, a direct correlation is observed to exist between the native defect 

concentrations (shown to be oxygen vacancy in previous Chapters (7 and 8)), which are 

quenched during annealing in oxygen ambient, and the total magnetic moment. A drop in 

free carrier concentration was also observed to occur upon annealing. This observation 

has previously misguided certain groups to conclude that the reduction in magnetic 

moment observed with this reduction in free carrier concentration is an indication of free 
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carrier mediated mechanism. But, this reduction in free carrier concentration, like 

reduction in magnetic moment, was just another by-product of quenching of native 

defects rather than the cause. 

This was made evident in Chapter 8, where it was shown that films prepared under 

different processing conditions could have very similar carrier concentrations (e.g. as-

deposited Cu:ZnO and annealed (Cu,Al): ZnO) but very different magnetic properties 

that directly reflected the different defect concentrations. In contrast to this, films 

showing vastly different carrier concentrations (e.g. as-deposited Cu:ZnO and (Cu,Al): 

ZnO) can have similar magnetic properties  reflective of similar processing conditions.  

The observed drop in conductivity concomitant with quenching of Vo merely indicates 

that these native defects (reported to be either Vo or Zni) act as shallow donors and are 

responsible for the n-type conductivity in as – deposited ZnO.  

The foray into the search of room temperature ferromagnetism was sparked off by a 

theoretical study by Dietl et al. [5] which suggested that Mn-doped p-type ZnO would 

show hole-mediated ferromagnetism at temperatures higher than 300 K. They used the 

Zener mean free model [6-8] to treat ferromagnetism involving exchange interaction 

between localized d spins and free carriers to calculate the Curie temperature in a number 

of II-VI and III-V semiconductors and suggested that the holes associated with the 

shallow acceptors would mediate the long range ferromagnetic interaction between the 

localized spins. This model explained the ferromagnetism observed in Mn:GaAs very 

well because the Mn energy level in GaAs falls below the top of the valence band and 

hence Mn would not only act as a localized spin generator but also as a shallow acceptor. 
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But in ZnO the 3d levels of the transition metal dopants are more localized and are in the 

mid-gap and hence just contribute localized spins. Also the difficulty experienced in 

preparing p-type ZnO (especially to carrier concentrations of 1020 /cm3 as required by the 

model proposed by Dietl), which is a result of the presence of shallow donor defects that 

make ZnO inherently n-type, argues against a hole mediated exchange as the operative 

mechanism for magnetic ordering in TM doped ZnO. 

The n-type nature of as grown ZnO and some earlier theoretical studies [9,10] and 

experimental studies[11] suggested a carrier mediated ferromagnetic model (RKKY) 

which is similar to the Zener model used by Dietl, except that instead of holes it is free 

electrons that are interacting with the magnetic ions. The strength of the ferromagnetic 

ordering is then dependent on the sp-d exchange integral between the free electrons and 

the localized 3 d spins and their competition with the antiferromagnetic exchange 

interaction that occurs between nearest neighbor cations via superexchange. But 

ferromagnetism reported in insulating samples with very low free carrier concentrations 

can not be explained by this model.  

The observations made in this thesis (listed at the start of this chapter) indicate that a 

defect mediated mechanism namely the Bound Magnetic Polaron model is needed to 

explain the origin of long range ferromagnetic ordering in these systems. An electron can 

be loosely trapped by a shallow donor defect to reside in an extended orbital forming a 

bound magnetic polaron [12]. The donor electron can then couple with the localized 3d 

spins within this extended orbit to provide an effective ferromagnetic exchange coupling 

between the transition metal moments that is given by:  
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H = -J ( ji Rr , ) ji Ss , …………………… (9.1) 

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

electron at ri. The radius of this extended orbital is given by  

r = ε (m/m*) a0 ……………. (9.2) 

Where, ε is the dielectric constant of the host, m* is the effective mass of the donor 

electrons, and  a0 is the Bohr radius (0.53 Ǻ). For ZnO the size of the BMP would be ~ 17 

Ǻ. The coupling between the magnetic cation and the trapped electron is ferromagnetic 

when the 3d shell is less than half full and antiferromagnetic when more than half full. 

But the resultant coupling between two similar dopant ions within the BMP would be 

ferromagnetic in both cases. The BMPs associated with the electrons trapped in the 

defects overlap to form a spin-split impurity band. As the volume of these overlapping 

polarons increases long range ferromagnetic ordering becomes stronger between the 

dopant ions till they occupy rough 16% of the space when percolation occurs [13]. 

Further increase in defect density (which would lead to increase in BMP density) would 

not lead to increase in strength of ferromagnetic interaction. A schematic of the BMPs is 

shown in Figure 9.1. In this study, the ferromagnetic exchange interaction arising from 

the coupling within the BMP will have to compete with the antiferromagnetic 

superexchange interaction that exists between nearest neighbor cations. This 

antiferromagnetic coupling becomes stronger with increasing dopant concentration. This 

leads to a progressive decrease in effective moment per dopant atom with increasing 

concentration as was observed in all of our transition metal-doped ZnO samples. 

Therefore we see that the highest effective magnetic moment per dopant atom would be 
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achieved at low dopant concentrations and high shallow donor defect concentrations. 

Although the ferromagnetism here is mediated by electrons, it is mediated by localized 

electrons trapped by shallow donor defects and not by free conduction electrons as in 

carrier mediated ferromagnetism. 

 

Figure 9.1:  Schematic of Bound Magnetic Polarons : A donor electron couples with 
its spin antiparallel to impurities with a 3d shell that is half or more than half full 

lying within its hydrogenic orbit. Cation sites are represented by small circles, 
oxygen is not shown and the unoccupied oxygen sites are represented by 

squares[12]. 
 
The nature of the dominant shallow donors which are responsible the observed n-type 

conductivity in as-grown ZnO and also for formation of BMPs has been under debate for 

years with Vo and Zni being the two options [1,14]. In our  studies XPS scans of the O1s 

peaks of both as deposited and annealed samples suggests that Vo is present [3]. The as 

deposited Cu-doped ZnO films were grown at high vacuums (10-6 torr) and hence would 

be expected to be oxygen deficient and have high Vo concentrations. But despite of their 



 201

low free carrier concentrations the films with very low Cu content (1-2%) showed near 

100% polarization of the 3d spins. They have effective magnetic moments ≈ 0.75 μB/Cu 

atom (which translates to ~ 1 μB/Cu2+ ion). A sharp drop in effective moment was 

observed with increasing Cu content to 10% (~0.23 μB/Cu atom) which again agrees with 

the increasing antiferromagnetic superexchange interactions expected at higher dopant 

levels [1]. An increase in free carrier concentration by 3 orders of magnitude upon Al 

incorporation did not significantly effect on the magnetic moment. This is not surprising 

since the effective BMP concentration would remain largely unchanged since the films 

(both those doped with and without Al) were grown under similar vacuum conditions and 

hence would have similar Vo concentrations [3].  

Annealing in oxygen ambient leads to quenching of oxygen vacancies and a direct effect 

of this was seen as a large decrease in the magnetic moment [4]. It follows that a decrease 

in Vo concentration would reduce the volume of overlapping BMPs and thus weaken the 

ferromagnetic exchange interaction between the dopant atoms and also reduce the 

fraction of Cu atoms that were coupled via a BMP. Apart from the decrease in total 

moment another effect of annealing was the shift in the Cu concentration at which a peak 

in total magnetic moment was observed. For the as grown films a peak was observed at ~ 

5% whereas for the annealed films it was ~ 2%. This phenomenon can also be explained 

by the reduction in Vo concentration. Vo  sites would be filled as oxygen diffused into the 

films and hence the fraction of Cu ions experiencing  antiferromagnetic superexchange 

coupling would increase at least slightly. Also with the strength of BMP-induced 

ferromagnetic exchange dropping, the competing antiferromagnetic superexchange 
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interaction would become relatively stronger at lower Cu content explaining the peak 

shift in effective moment to lower Cu concentrations. A third effect of oxygen annealing 

is the decrease in Tc obsereved in the annealed films. As the ferromagnetic exchange 

interaction becomes weaker, it would require less thermal energy (kBT) to overcome the 

magnetic ordering and hence lead to ferromagnetic to paramagnetic transition at lower 

temperatures. The radii of the BMPs decrease with increasing temperature. Therefore, for 

systems having much larger concentrations of BMPs the percolation of these networks 

through the sample would continue to exist at higher temperature meaning a higher Tc. At 

the same time annealing the films in oxygen ambient would lead to a large drop in free 

carrier concentrations if, as assumed the vacancies are the shallow donors (Vo) 

responsible for the n-type conductivity in ZnO films. This decrease in carrier 

concentration is a result of the quenching of Vo, but should not be inferred to be the 

reason for  the drop in magnetic moment. Rather, the change in magnetic moment was 

result of change in defect concentration,which led to change in BMP density. 

Thus the trends observed in the magnetic and electric properties of Cu-doped ZnO based  

DMS films could be explained very well within the framework of the BMP model of 

ferromagnetism. One interesting observation made during the study involving co-doping 

of Cu and Co into ZnO was that the effective magnetic ordering of the individual dopants 

was not greatly affected by the presence of the other in the low concentration regime and 

that the Cu ions showed much stronger ferromagnetic coupling than Co ions [2]. The 

BMP model predicts that the effective ferromagnetic exchange interaction between 

dopant ions within a BMP would depend on the relative positions of the 3d energy states 
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with the spin-split impurity band formed by the overlapping of the BMPs [12]. Hence for 

different 3d elements the effective overlap between the 3d energy states and the impurity 

band would be different and this would lead to different net magnetic moments and 

exchange interaction strengths. Figure 9.2 shows a schematic of effective overlap 

between the 3d states of a dopant and the impurity band. A detailed quantitative analysis 

of the relative strengths of the ferromagnetic exchange between different 3d dopant ions 

would require a thorough DOS calculation of the dopant and defect energy levels in ZnO 

and a detailed band structure calculation which is beyond the scope of this work. But our 

studies qualitatively predict that the energy levels for the 3d states of Cu ions would be 

showing a more effective overlap with the spin-split impurity band than the Co ions. Also 

it can be inferred from the additive nature of the magnetic moments at lower total dopant 

concentrations that the energy states of the different dopants don’t experience much 

interaction with each other. Only at very high total dopant concentrations, where the 

antiferromagnetic superexchange interaction between nearest neighbor cations becomes 

dominant do we see that the total moment is no longer additive.  

 

Figure 9.2: Schematic of effective overlap between the impurity band the 3d energy 
states [12] 
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Therefore, the defect mediated mechanism of BMP appears to explain the origin of the 

high temperature ferromagnetism in the TM doped ZnO based DMS systems very well. 

This also explains the existence of large variation within the reported magnetic behavior 

depending on the growth technique and conditions. The concentration of native defects is 

very sensitive to the growth conditions and hence in a system where a defect mediated 

mechanism like the BMP model is responsible for the origin of ferromagnetic ordering, a 

change in defect concentrations would strongly affect the magnetic properties. But, still a 

large number of systematic experiments varying growth conditions and the nature and 

concentration of the dopants and a detailed theoretical study of the band structure of ZnO 

and DOS calculations of various dopants and defects is warranted to have a complete 

understanding of this system. One point of concern here would be the applicability of this 

material system in spintronic devices. A successful spintronic device would require 

efficient injection, transfer and detection of spin-polarized carrier which would require 

strong coupling of the localized spins and the conduction band electrons via sp-d 

interaction. To investigate this we have prepared spin-valve type device structures and 

done magnetoresistance studies on them. This has been discussed in the next Chapter. 
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10 Chapter 10: Magneto resistance measurements in 

Zn(Cu,Al)O/ZnO based spin-valve type heterostructures 

10.1 Abstract 

ZnO based diluted magnetic semiconductors (DMS) have shown great promise as source 

of spin polarized carriers to be injected into semiconductors. Epitaxial Zn(Cu,Al)O based 

device structures have been synthesized with an intermediate non-magnetic layer of the 

same host semiconductor (undoped ZnO) to demonstrate spin injection across the ZnO 

layer. By having both the spin-injecting magnetic layer and the non-magnetic 

semiconducting layer to be of the same host material the efficiency of spin-injection can 

be improved by getting rid of defects states at the interface which lead to scattering of 

charges. We observed negative magnetoresistance in the device structure which decreases 

in magnitude with increasing temperature. Presence of a small magnetoresistance of ~ 

0.4% even at 300 K suggests that spin polarized carrier injection can be achieved using 

Zn(Cu,Al))O based DMS as the spin injecting layer. 
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10.2 Introduction 

Recent developments in the field of spintronics has created immense interest in search for 

a material system where semiconducting properties can be integrated with magnetic 

properties [1,2]. An efficient spintronic device would require efficient injection, transport 

and detection of spin polarized carriers across the semiconductor. Following the 

conceptualization of a spin-based field effect transistor by Datta and Das [3], a number of 

efforts involving use of ferromagnetic metallic contacts to inject  spin polarized electrons 

into conventional semiconductors like Si, GaAs have been undertaken [4,5]. Spin 

polarized carrier injection proved to be very inefficienct in these structures due to the 

formation of detrimental interfacial layers and scattering of carriers due to impedence 

mismatch [6]. Therefore, the focus shifted towards Dilute Magnetic Semiconductors 

(DMS), where efficient injection of spin polarized electrons into a semiconductor can be 

achieved by forming a homoepitaxial interface with the spin injecting layer made of the 

same host material doped with magnetic impurities. Recent efforts have focused towards 

achieveing ferromagnetism in wide band–gap semiconductors owing to their superior 

properties. ZnO and GaN  systems have attracted the attention of most scientists. Several 

groups have reported room-temperature ferromagnetism (RTFM) in transition metal 

doped ZnO [7,8] and GaN [9]. Superior properties of ZnO such as inherent n-type 

conductivity and good spin-coherence length [10] make ZnO a good candidate for 

making spintronic devices. Our ability to grow ZnO based materials as high quality 

epitaxial films on common substrates such as (0001) sapphire also enhances the 

possibility for making efficient spin injecting devices. 
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Although the ferromagnetic properties of transition metal doped ZnO have been studied, 

the efficacy of ZnO in injecting spin polarized electrons has not been established. 

Evidence of spin injection across non-magnetic ZnO using ZnO based DMS is necessary 

for successful fabrication of ZnO based devices. Some groups have reported successful 

spin injection using both ferromagnetic metals and DMS materials as spin injectors. Zhu 

et al.[11] studied spin injection from Fe into a GaAs/InGaAs based structure and 

Fiederling et al.[12] used Be0.08Zn0.87Mn0.05Se as the injecting source into AlGaAs. Both 

these works involved studying optical properties by spin injection into light-emitting 

diodes. But studies involving the direct measure of magneto transport properties in device 

structures involving spin injection across a non-magnetic semiconductor is lacking. 

Ramachandran et al.[13] carried out magneto resistance measurements in their 

ZnCoO/ZnO/ZnCoO spin-valve type device structures and found evidence of spin-

injection across the ZnO layer. But the effects disappeared above 30 K. Our earlier 

studies have found Cu,Al co-doped ZnO to be displaying both superior electrical and 

magnetic properties making them a potential candidate for efficient spin-injection. To 

verify this, spin-valve type heterostructures similar to those of Ramachandran et al. were 

prepared having Zn(Cu,Al)O as the spin injecting layer and un doped ZnO as the non-

magnetic layer. Using the same host material as both magnetic and spacer layers would 

rule out the shortcomings faced by metal /semiconductor interfaces in devices involving 

spin injection using metal contacts. A direct evidence of spin injection across the ZnO 

layer even at room temperature was observed by studying the magneto resistance 

properties of our device structures. 
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10.3 Experimental technique  

To demonstrate injection of spin polarized carriers (electrons) across a non-magnetic 

semiconductor layer (ZnO), a spin–valve type device structure (as shown in Figure 10.1) 

has been grown. Here a non-magnetic ZnO layer is sandwiched between two magnetic 

layers of Zn0.98Cu0.02Al0.03O (Device II). This film composition was chosen for the spin 

injecting layers because it showed the best combination of magnetic and electrical 

properties [14]. A device structure without the intermediate non-magnetic ZnO layer 

(Device I) was also grown to investigate the effect of this layer on spin-injecting 

capability of the ferromagnetic layers. The whole device structure was grown on c-plane 

sapphire single crystal by domain matching epitaxy. The Zn(Cu,Al)O films grow fully 

relaxed, with the strain accommodated within the first couple of monolayers, in spite of a 

large lattice mismatch of 15.44 % with the sapphire substrate. This allowed us to grow 

high quality single crystal epitaxial thin films with minimal defect densities and strains 

that introduce interfacial defects. These qualities are essential for fabrication of highly 

efficient spin-coupled devices. The device structure was grown using a pulsed laser 

deposition technique at temperature of around 550 0C and vacuum of ~ 10-6 torr. A 

repetition rate of 10 Hz and energy density of 3-4 J/cm2 was used. After the bottom layer 

of Zn0.98Cu0.02Al0.03O was grown, a section of the film was shadow masked using a bare 

sapphire piece so that enough area was exposed on the bottom layer to make the electric 

contacts. The configuration of the electric probes on the device structure is also shown in 

Figure 10.1. The top layers were grown after shadow masking under the same conditions 

as the bottom layer. For both films the bottom Zn0.98Cu0.02Al0.03O layer was grown for 15 
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mins and the top Zn0.98Cu0.02Al0.03O layer was grown for 8 mins. For device II an 

intermediate ZnO layer was also grown for 2 mins . Structural characterization was done 

by cross-section TEM analysis using a JEOL 2010 microscope. Magneto resistance 

measurements were done using a Quantum Design Physical Property Measurement 

System. Magneto resistance measurement involves measuring the resistance in the 

presence of an applied magnetic field. The resistance measurement was carried out using 

4 electrical contacting probes in a fashion similar to collinear four point probe technique, 

only difference being that 2 of the probes where making contact with the bottom later and 

the other 2 with the top layer. Such a configuration would lead to the current flowing 

perpendicular to the film interface as shown in Figure 10.1. The contacts used on both the 

top and bottom layers were pressed cold indium dots with thin gold wires. The magnetic 

and electrical properties of 500 nm films of the spin injecting layer have already been 

discussed in Chapter 7. The structural characterization also found this film to be highly 

epitaxial and devoid of any secondary phases or nano precipitates/clusters. A VSM 

attachment to the QD PPMS was also used to perform M vs H measurement of the device 

structure. 

10.4 Results and discussion 

A low magnification TEM micrograph for the device II is shown in Figure 10.2 a. The 

thickness of the layered structure was found to be ~ 800 nm. This thickness for a total 

growth time of 25 mins corresponds well with the 500 nm thickness achieved in 

monolithic films for 15 min growth time. Hence the intermediate layer of ZnO grown for 
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about 2 min would correspond to a thickness of about 50 nm. High resolution (TEM) 

micrographs of the film-substrate interface and the film are shown respectively in Figure 

10.2 b and c. In the HRTEM image the individual layers are indistinguishable because of 

almost negligible strain between the various layers at the interface. This is due to the fact 

that both the magnetic and non-magnetic layers are of the same host material , ZnO, and 

doping leads to a change in lattice parameters of the order of only 0.1 %. Thus it can be 

inferred that the different layers in the device structure grow strain free and epitaxially 

and the interfacial states which are formed at a metal/semiconductor interface due to the 

strain across the interface are avoided in our device structure. The formation of these 

interfacial states has been found to be detrimental to the spin-injection efficiencies of 

ferromagnetic metal contacts (Fe,Ni) into semiconductors.  

Detailed electrical characterization of the thin films of both the magnetic and non-

magnetic layer has been performed and reported in Chapters 7 and 8. Sheet resistance of 

the ZnO and the Zn0.98Cu0.02Al0.03O films were of the order of 104 and 100 Ohms 

respectively. The room temperature Hall measurements showed that the carrier (electron) 

concentrations of the ZnO films were around 1018 cm-3 and that of the Zn0.98Cu0.02Al0.03O 

films was around 1020 cm-3.  

For the device structures (both I and II) the transverse resistance as a function of 

temperature was measured between the layers using a four-point probe technique, where 

the current flows perpendicular to the film surface and through the non-magnetic 

semiconducting ZnO layer in case of Devie II. The resistance values for both device 

structures were within 50-100 Ohms. Thus it was evident that in spite of the presence of 
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the ZnO layer which shows much higher resistance, the conductivity is predominantly 

controlled by the Zn0.98Cu0.02Al0.03O and hence this is an indication that the presence of 

the 50 nm thick ZnO layer does not have a detrimental effect on the current flowing 

across it. Figure 10.3 shows the R vs T measurement from 15-300 K for the device 

structures. A VSM attachment to the QD PPMS instrument was used to carry out M vs H 

measurements for the device structures at room temperature. Figure 10.4 shows the 

magnetization (emu/cc) vs applied field hysteresis (Oe) curve for the device I which 

shows similar saturation magnetization (Ms) values to the monolithic Zn0.98Cu0.02Al0.03O 

film (Figure 7.6). 

The isothermal magneto resistance (MR) measurements for the device structures were 

carried out in the temperature range 10 – 300 K using a QD PPMS instrument. The MR 

value is defined in % using the following relation: 

MR = 
)0(

)0()(
R

RHR −  x 100 ………………… (10.1) 

Where, R(0) is the resistance at zero field and R(H) is the resistance at any given field H. 

Magnetic fields up to 7 Tesla were applied in both positive and negative direction. The 

MR measurements were carried out in two different configurations. Configuration (A) 

had the magnetic field applied parallel to the surface of the film i.e. Current (I) ┴ 

Magnetic field (H). Configuration (B) had the magnetic field applied perpendicular to the 

film surface i.e. I ║ H. The MR measurements for both the structures in both 

configurations were carried out at 10 K, 50 K, 100 K and 300 K. Some of the salient 
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features of the MR behavior are listed below. The observed features will be discussed in 

detail after this.  

1. In configuration (A) device I showed negative MR all the way up to 7 Tesla on 

both sides (positive and negative). At 10 K the MR at 7 T is 1.93 % which 

diminishes to 0.43% at 100 K. At 300K there is no significant MR effect 

remaining. 

2. In configuration (A) device II showed similar behavior as that of device I. Only 

the measured MR values were slightly lower than that of device I with the MR at 

10K being 1.88% and at 100K being 0.36%. The MR effect diminished with 

increasing temperature and disappeared at 300 K. 

Table 10.1 summarizes the various properties related to the MR measurements for both 

the devices in configuration (A) and Figure 10.5 (a and b) shows MR vs H measurements 

at different temperatures for both the devices. 

3. In configuration (B) where I ║ H , we saw a strange effect in device I as the 

magnetic field was switched from negative to positive. Although the MR 

remained negative on both sides till 100 K, the curve was asymmetric in nature. 

The MR values were not the same at the same absolute values of field on both the 

positive and negative side, with the MR at -7 T being greater than at 7 T. This 

asymmetry got stronger with increasing temperature such that at 300 K, the MR 

was negative when the magnetic field was negative and positive when the 

magnetic field was positive. 
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4. In configuration (B), the device II showed same trend as the device I, but the 

observed asymmetry was stronger. The difference between MR values when the 

field is negative and when the field is positive was greater than device I. This 

indicated some effect of the intermediate non-magnetic ZnO layer in the coupling 

of spins across it. 

Table 10.2 summarizes the various properties related to the MR measurements for both 

the devices in configuration (B) and Figure 10.6 (a and b) shows MR vs H measurements 

at different temperatures for both the devices. 

In a spin-valve type structure, upon the application of a magnetic field, we get a decrease 

(negative MR) or increase (positive MR) in the resistance depending on whether  the 

spins in the two magnetic layers  align or anti-align. The configuration of our device 

structures are very similar to that of conventional GMR devices based on a spin-valve 

structure. The only difference is the absence of a strong pinning layer. Hence, the usual 

sharp transition as one switches from minimum to maximum resistance state of the 

device is not observed. In contrast, a slow change of resistance from the minimum to 

maximum was observed since the magnetic moments of the two magnetic layers are free 

to rotate under an applied magnetic field. The pinning layer was avoided in order to avoid 

the confusion over which material is injecting the spins across the ZnO layer.  

The negative MR observed in both the devices for configuration (A) was found to be 

qualitatively similar to the MR effects observed in  Zn1-xTixO system by Xu et al.[15], in 

Zn(Ni,Al)O and Zn(Cu,Al)O by Jin et al.[16] and in Zn(Cu, Al)O by Hartmann et al.[17] 

At very small fields a negative MR has been proposed to be due to an electron-weak 
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localization effect [16]. At higher fields 2 different explanations have been proposed to 

explain the observed negative MR effect. A decrease in spin disorder scattering with 

increasingly aligned spins at high fields can lead to a decrease in resistance thus resulting 

in negative MR [16]. The second model assigns the negative MR to the formation of 

Bound Magnetic Polarons. In DMS materials, a delocalization of trapped carriers in a 

BMP can lead to a decrease in resistance [18]. It is still unclear if the delocalization of the 

trapped carriers would simultaneously lead to a decrease in spin-disorder scattering. But 

the negative MR effect in these structures having Zn0.98Cu0.02Al0.03O as the magnetic 

layer provides further support that the BMP mediated mechanism is responsible for the 

ferromagnetic ordering in this system. The observed decrease in MR with increase in 

temperature can be explained by the reduction in size of the BMPs with increasing 

temperature. Although these MR effects were observed in thin films rather than layered 

structures, the behavior of our device structures can still be explained in terms of the 

above works. Similar device structures using ZnCoO as the spin-injection layer were 

prepared by Ramachandran et al.[13] which showed a MR behavior having a 

combination of positive and negative MR. The observed positive MR in these structures 

was attributed to the spin-splitting of the conduction band caused by a s-d exchange 

interaction involving conduction electrons and 3d magnetic impurity electrons [16,18]. 

The absence of positive MR in our device structures further suggest that free carrier 

mediated ferromagnetism is not operative in this system. Ramachandran et al. found that 

in their devices the MR effects disappeared above 30 K. Compared to that we observed 
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that the MR effects persisted in our devices up to 100 K for configuration (A) and up to 

300 K for configuration (B). 

In configuration (B), an asymmetry in the MR observed in both the devices when the 

magnetic field switched from negative to positive. This is the first time that such a 

behavior has been observed. A detailed explanation of the mechanism governing such a 

phenomenon is beyond the scope of the existing work, but we will try to give a plausible 

reason of this behavior. The current (I) is ║ to the magnetic field (H) in this 

configuration. The only difference when field is positive and negative is that the current 

is a) parallel to the field in one case and b) anti parallel in the other. Thus, it can be 

proposed that when I is parallel to H, it would be easier for the spins in both the layers to 

align and hence a greater drop in resistance would be observed. Similarly, when I is anti 

parallel to H, it will get more difficult for the spins to align and hence a lesser drop in 

resistance. Increased thermal disorder (kT) at higher temperatures would make it further 

difficult for the spins in the two layers to align. Hence, not only do we observe a 

reduction in MR with increasing temperature, but at 300 K when I is anti parallel to H we 

observe an increase in resistance leading to a positive MR. The configuration (A), where 

I ┴ H, is a case which lies between the two cases observed in configuration (B). Since I ┴ 

H, changing sign of H does not have ay effect on their orientation and hence the MR is 

symmetric on both sides of zero field. The ease of alignment of spins would also be 

relatively harder than the parallel case and relatively easier than the anti parallel case. 

This can be verified from Figure 10.5 and 10.6 and Tables 10.1 and 10.2, where the MR 
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values in configuration (A) lie between the MR values in configuration (B) at negative 

field and positive field. 

Now that we have qualitatively discussed the features observed in the MR measurements, 

the important thing todetermine is if we are getting injection of spin-polarized carriers 

across the ZnO layer. When we compare the MR values for device I and II in 

configuration (A) we only observe a negligible drop in the case of device II. This 

suggests that the presence of a 50nm thick layer of non-magnetic ZnO does not effect the 

coupling of spins in the two magnetic layers which it separates. This is an indication that 

transport of spin-polarized carriers occur across the ZnO layer. In configuration (B) also, 

when the applied magnetic field is negative, the MR values shows only a small drop with 

the insertion of the non-magnetic layer. But when the applied magnetic field is positive, 

i.e. when alignment of spins between both the layers gets harder leading to lower MR 

values, the effect of the intermediate layer is very prominent. At 10K for device I the MR 

values at configuration (A) is -1.93% and at configuration (B)(case a) is -2.24%. The 

corresponding values for device II are -1.88% and -2.19%. But in configuration (B)(case 

b) the MR value at 10 K for the device I is -1.63% which drops to -0.95% for device II. 

Tables 10.1 and 10.2 summarize the values at all temperatures. Thus it can be concluded 

that in the situation where I is anti parallel to H and aligning of spins between both the 

magnetic layer is difficult, the introduction of an intermediate non-magnetic layer makes 

the coupling even harder than in other configurations. But still a sizeable MR effect still 

exist up to 300 K in device II implying that we have successfully achieved spin injection 
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across the non-magnetic ZnO layer at room temperature using Zn0.98Cu0.02Al0.03O as the 

spin injecting layer. 

10.5 Conclusion 

In summary, we have demonstrated spin injection into ZnO using Zn(Cu,Al)O based 

dilute magnetic semiconductors. The layered structures were grown epitaxially on 

(0001)sapphire as shown by HRTEM characterization. Magneto transport measurements 

on these layered structures not only gave evidence of spin injection at 300 K but also 

provided insight into the mechanism of ferromagnetic ordering in these material systems. 

A negative MR existing even up to 7 Tesla magnetic field suggests the formation of 

bound magnetic polarons to be critical in mediating ferromagnetic ordering in these 

materials. The observed MR effects at room temperature are quite weak and further work 

involving optimization of parameters and/or search of new dopants is required for 

improving magneto transport properties at room temperature. Also a better understanding 

of certain physical phenomena, especially the asymmetry in MR in configuration (B), is 

warranted in order to obtain more efficient spin-injection using these materials. But the 

results observed in this work definitely both show new direction and present new 

challenges in the field of ZnO based DMS systems for realization of novel spintronic 

based devices. 
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Table 10.1 : MR values for Device I and II in configuration (A) 

Device Temperature (K) MR at ±  7 T (%) 
I 10 -1.93 
I 50 -1.10 
I 100 -0.43 
I 300 -0.1 
II 10 -1.88 
II 50 -0.88 
II 100 -0.36 
II 300 -0.10 

 

Table 10.2 : MR values for Device I and II in configuration (B) 

Device Temperature (K) MR at -7 T (%) MR at 7 T (%) 
I 10 -2.24 -1.63 
I 50 -1.40 -0.57 
I 100 -0.72 -0.11 
I 300 -0.41 0.30 
II 10 -2.19 -0.95 
II 50 -1.32 -0.11 
II 100 -0.68 -0.02 
II 300 -0.40 0.49 
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Figure 10.1: Schematic of both the device structures (I and II) with probe 
configuration and current (I) and applied field (H) directions shown  
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Figure 10.2: a) Low-Magnification cross section TEM image showing thickness 
of the film b) HRTEM image of the interface showing epitaxial nature of film on 

the substrate. C) HRTEM image of the film 
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 Figure 10.3: Resistance as a function of  Temperature from 15-300 K for both 
Device I and II 
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Figure 10.4: M vs H at 300 K for Device I 
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Figure 10.5: Magnetoresistance in configuration (A) for a) Device I and b) 

Device II 
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Figure 10.6: Magnetoresistance in configuration (B) for a) Device I and b) 

Device II 

-80000 -60000 -40000 -20000 0 20000 40000 60000 80000
-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5

a)

300K

100K

50K

10K

M
R(

%
)

H (Oe)

-80000 -60000 -40000 -20000 0 20000 40000 60000 80000

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5

b)

300K

100K

50K

10K

M
R(

%
)

H (Oe)



 228

11  Chapter 11: Summary and Future directions 

Here we summarize the important conclusions we have derived from the results and 

observations of the experimental work carried out in this dissertation. And then we will 

look at some of the future directions that still need to be explored in order to better 

understand the magnetic behavior of ZnO based DMS and to utilize them as efficient 

spin-injectors in novel spintronic devices. 

Room temperature ferromagnetism was reported in Cu-doped ZnO thin films grown by 

PLD on (0001) sapphire. The uniqueness of this system is that neither Cu nor its oxides 

(CuO, Cu2O) are ferromagnetic, which rules out possibility of ferromagnetism arising 

from secondary phases or nano clusters. In spite of having a misfit of ~ 16%, high quality 

single crystal films of Zn1-xCuxO were grown epitaxially on (0001) sapphire by domain 

matching epitaxy (DME). The presence of a secondary phase of Cu2O was observed only 

for the sample with 10% Cu. Chemical analysis using XPS revealed that Cu exists in a 

mixed oxidation state of +1 and +2 with +2 being the predominant state (~ 75-80%). Cu2+ 

ions having a electronic configuration of 3d9 would have one unpaired electron and hence 

can contribute a spin when doped in ZnO. Thus, the chemical analysis reveals that the 

majority of Cu ions are able to contribute to the magnetic moment of the Cu:ZnO DMS. 

At low concentrations of Cu (<= 2%), magnetic moments close to the theoretical limit of 

1μB/ Cu2+ ion was achieved.  The moment reduced with increasing Cu concentration due 

to antiferromagnetic superexchange interaction between nearest neighbor cations. 

Incorporation of Cu into ZnO led to a 2 order of magnitude increase in resistance of the 

undoped ZnO. Near 100% polarization of the local 3d spins is observed in spite of a large 
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increase in resistance and reduced free carrier concentrations. This suggests that free 

carrier mediated exchange mechanism like RKKY is not operative in generating the long 

range ferromagnetic ordering observed in this system. 

Effect of co-doping Co and Cu into ZnO on the electrical and magnetic properties was 

studied. Cu doping into the Co-doped ZnO increased the resistance by almost 2 orders of 

magnitude. But the effect of co-doping on the magnetic moment was additive for low Cu 

concentrations (< = 5%). The presence of two different magnetic dopants did not appear 

to affect the magnetic ordering of the individual dopants. It was only at higher total 

dopant concentrations that antiferromagnetic superexchange interaction between nearest 

neighbor cations became dominant and a decrease in magnetic moment was observed. A 

comparison between the magnetic behaviors of the co-doped films with ZnO films 

individually doped with Cu and Co revealed that at low concentrations the Cu ions 

showed a much stronger tendency towards ferromagnetic order than the Co ions. This is 

inspite of the fact that Cu2+ ions provided one unpaired spin compared to three from Co2+ 

ions. A stronger ferromagnetic ordering in the Cu-doped ZnO system compared to the 

Co-doped system, which had higher carrier concentrations, also argues against a carrier 

mediated mechanism for ferromagnetic ordering.  

2% Cu-doped ZnO was doped with Al in order to directly study the role played by free 

carriers in mediating the long range ferromagnetic ordering of the localized spins, and 

also to boost the electrical conductivities of the Cu-doped ZnO films so as to provide 

more carriers available for spin polarized carrier injection. Al is found to substitute for Zn 

in the ZnO lattice and exists in +3 oxidation state, thus acting as a donor. Incorporation of 
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Al (<=5%) in Cu:ZnO leads to a three order of magnitude increase in free carrier 

concentration from 1017 cm-3 for the Zn0.98Cu0.02O film to 1020 cm-3 for the Zn0.98-

xCu0.02AlxO films. Surprisingly, such a large increase in free carrier concentration leads to 

a negligible change in the observed magnetic moment. This lack of correlation between 

free carrier concentration and magnetic moment is a direct evidence that a free carrier 

mediated mechanism is not responsible for long-range magnetic ordering in the system. 

The electrical and magnetic properties are found to be independent of each other. As 

grown ZnO is inherently n-type due to the presence of native defects like oxygen vacancy 

(Vo) or Zn interstitial (Zni), which act as shallow donors. Our films were grown in high 

vacuum (10-6 torr) conditions which favor formation of these defects. Hence a defect 

mediated mechanism like the bound magnetic polaron (BMP) model is proposed to be 

responsible in mediating the long range ferromagnetic order between the localized 3d 

spins. 

To verify the role of defects in determining the magnetic properties of the Cu-doped ZnO 

DMSs, the Cu and (Cu, Al) co-doped films have been annealed in oxygen ambient. 

Diffusion of oxygen into the film is expected to eliminate the oxygen vacancies. This was 

confirmed by XPS analysis of the O 1s peaks of both as deposited and annealed films 

which indicate a reduction in Vo concentration in the annealed films. A large decrease in 

magnetic moments is observed in the annealed films. Although a drop in carrier 

concentration was also observed, it is argued that this is a result of quenching of the 

oxygen vacancies, but should not be construed to be the cause of the drop in magnetic 

moments. In the annealed samples the Cu concentration at which the total magnetic 
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moment (emu/cc) peaked also shifted to lower concentrations. This resulted as more Cu 

ions are coupled via O bonds rather than Vo, thus resulting in a stronger 

antiferromagnetic superexchange interaction between nearest neighbor cations. A 

reduction in Curie temperature is also observed in the annealed samples due to a 

reduction in strength ferromagnetic interaction mediated by the oxygen vacancies. A 

defect mediated mechanism like BMP model can explain the ferromagnetic ordering in 

this system very well. Electrons trapped by shallow donors, e.g. Vo, exist in an extended 

orbital forming BMPs. These BMPs overlap to form a spin-split impurity band. The 

magnetic ions within the orbital of the trapped electron are coupled ferromagnetically to 

each other. When the BMPs overlap to cover the volume of the material then long range 

ferromagnetic ordering occurs. The relative strength of the ferromagnetic interaction 

between dopant ions under this model can be explained by the extent of overlap between 

the 3d energy states of the donor and the spin-split impurity band. This can explain a 

much stronger ferromagnetic coupling observed between Cu ions when compared to Co 

ions. 

Finally the ability of this material system in acting as a spin-injector into non-magnetic 

semiconducting ZnO was evaluated by making Zn(Cu,Al)O/ZnO based spin-valve type 

heterostructures where ferromagnetic Zn(Cu,Al)O layer is used to inject spins across the 

non-magnetic ZnO layer. Two devices were made - one with (Device I) and one without 

(Device II)the intermediate ZnO spacer layer. Isothermal magnetoresistance(MR) 

measurements were performed on these samples between 10-300 K in order to get direct 

information about spin-injection across the ZnO layer. A negative MR was observed for 



 232

magnetic fields applied in the plane of the layer films.  This is a further indication of 

BMP formation in this system. The negative MR values reduced from 1.93% at 10 K to 

0.43% at 100 K and the effect vanished at 300 K. When a 50 nm ZnO spacer layer was 

present in the stackonly a negligible change in MR values was observed which indicates 

injection of spin polarized carriers across this layer. When the magnetic field was applied 

perpendicular to the stack configuration an asymmetry in the MR behavior was noticed as 

field changed from negative to positive. This was explained by the fact that in one case I 

was parallel to H and in the other anti parallel. Thus the reduction in resistance due to 

aligning of spins in the two ferromagnetic layers becomes easier in one case and harder in 

the other. The asymmetry was increased in Device II suggesting that the presence of the 

ZnO layer made the aligning of spins harder. But the MR effects were present even till 

300 K, albeit it was < 0.5% and switched from negative to positive with change in field 

direction. These results indicated that spin injection across the non-magnetic layer exist 

even at 300 K. Although the spin-injection efficiencies observed in our studies were 

small, they do indicate the potential that the (Cu,Al)-doped ZnO system has in being 

utilized in novel spintronic applications. 

 

11.1 Future Work 

To be able to transition any discovery into practical devices, in this case the development 

of efficient devices, requires a detailed understanding of its origin. Hence a detailed 

quantitative and qualitative modeling of the mechanism operative in mediating long 

range ferromagnetic ordering in DMS material systems is very essential if we want to 
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tune their properties according to our use. Hence some of the future directions of study 

would require growing these films under varying oxygen partial pressures and carrying 

out detailed annealing measurements. This should be followed by accurate measurements 

of Vo concentrations and correlation with the magnetic properties. A detailed theoretical 

calculation of DOS of the energy levels associated with the dopants, defects and their 

interaction needs to be performed in order to better estimate the effective ferromagnetic 

interaction between the 3d ions mediated by BMPs. These studies can be extended to a 

new family of materials: ZnO doped with rare earth metals (having filled/unfilled 4f 

orbitals). By doping with rare-earth metals we can possibly obtain higher moments since 

they contribute up to 7 4f electrons and also have orbital moments that are not quenched 

as in 3d electrons. We have performed preliminary experiments by growing 1 and 2% Gd 

doped ZnO thin films at 500 0C under a vacuum of 10-6 torr. They showed room 

temperature ferromagnetism with effective saturation magnetic moments > 1 μB/Gd 

atom. Doping with Gd did not have a detrimental effect on the resistivity of ZnO as in the 

case of Cu as the Gd:ZnO system showed resisatnce similar to undoped ZnO. These 

initial results showed that Gd-doped ZnO is a promising system for spintronic 

application, although the growth and processing parameters need to be optimized to get 

the most desirable set of properties. Finally to use these materials for efficient injection of 

spin-polarized carriers will require coupling of conduction electrons (s) with localized 

spins (3d or 4f). Therefore, in order to improve the spin-injection efficiencies of the ZnO 

based DMS materials, various parameters in the spin-valve type device structures 

mentioned in Chapter 10 including injection layer thickness, growth conditions, magnetic 
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dopant, intermediate layer thickness, and relative conductivities of these layers, need to 

be further explored and optimized. 
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