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ABSTRACT OF THE DISSERTATION 
 
 

Doping in Zinc Oxide Thin Films 
 
 

by 
 
 

Zheng Yang 
 
 

Doctor of Philosophy, Graduate Program in Electrical Engineering 
University of California, Riverside, June 2009 

Dr. Jianlin Liu, Chairperson 
 
 

  Doping in zinc oxide (ZnO) thin films is discussed in this dissertation. The 

optimizations of undoped ZnO thin film growth using molecular-beam epitaxy (MBE) are 

discussed. The effect of the oxygen ECR plasma power on the growth rate, structural, 

electrical, and optical properties of the ZnO thin films were studied. It was found that 

larger ECR power leads to higher growth rate, better crystallinity, lower electron carrier 

concentration, larger resistivity, and smaller density of non-radiative luminescence 

centers in the ZnO thin films. Low-temperature photoluminescence (PL) measurements 

were carried out in undoped and Ga-doped ZnO thin films grown by molecular-beam 

epitaxy. As the carrier concentration increases from 1.8 × 1018 to 1.8 × 1020 cm-3, the 

dominant PL line at 9 K changes from I1 (3.368 - 3.371 eV), to IDA (3.317 – 3.321 eV), 

and finally to I8 (3.359 eV). The dominance of I1, due to ionized-donor bound excitons, is 

unexpected in n-type samples, but is shown to be consistent with the temperature-

dependent Hall fitting results. We also show that IDA has characteristics of a donor-
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acceptor-pair transition, and use a detailed, quantitative analysis to argue that it arises 

from GaZn donors paired with Zn-vacancy (VZn) acceptors. In this analysis, the GaZn
0/+ 

energy is well-known from two-electron satellite transitions, and the VZn
0/- energy is 

taken from a recent theoretical calculation. Typical behaviors of Sb-doped p-type ZnO are 

presented. The Sb doping mechanisms and preference in ZnO are discussed. Diluted 

magnetic semiconducting ZnO:Co thin films with above room-temperature TC were 

prepared. Transmission electron microscopy and x-ray diffraction studies indicate the 

ZnO:Co thin films are free of secondary phases. The magnetization of the ZnO:Co thin 

films shows a free electron carrier concentration dependence, which increases 

dramatically when the free electron carrier concentration exceeds ~1019 cm-3, indicating a 

carrier-mediated mechanism for ferromagnetism. The anomalous Hall effect was 

observed in the ZnO:Co thin films. The anomalous Hall coefficient and its dependence on 

longitudinal resistivity were analyzed. The presence of a side-jump contribution further 

supports an intrinsic origin for ferromagnetism in ZnO:Co thin films. These observations 

together with the magnetic anisotropy and magnetoresistance results, supports an intrinsic 

carrier-mediated mechanism for ferromagnetic exchange in ZnO:Co diluted magnetic 

semiconductor materials. Well-above room temperature and electron-concentration 

dependent ferromagnetism was observed in n-type ZnO:Mn films, indicating long-range 

ferromagnetic order. Magnetic anisotropy was also observed in these ZnO:Mn films, 

which is another indication for intrinsic ferromagnetism. The electron-mediated 

ferromagnetism in n-type ZnO:Mn contradicts the existing theory that the magnetic 

exchange in ZnO:Mn materials is mediated by holes. Microstructural studies using 
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transmission electron microscopy were performed on a ZnO:Mn diluted magnetic 

semiconductor  thin film. The high-resolution imaging and electron diffraction reveal that 

the ZnO:Mn thin film has a high structual quality and is free of clustering/segregated 

phases. High-angle annular dark field imaging and x-ray diffraction patterns further 

support the absence of phase segregation in the film. Magnetotransport was studied on 

the ZnO:Mn samples, and from these measurements, the temperature dependence of the 

resistivity and magnetoresistance, electron carrier concentration, and anomalous Hall 

coefficient of the sample is discussed. The anomalous Hall coefficient depends on the 

resistivity, and from this relation, the presence of the quadratic dependence term supports 

the intrinsic spin-obit origin of the anomalous Hall effect in the ZnO:Mn thin film. 
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1. Chapter 1  Introduction 

 

  ZnO materials have attracted a great deal of attention due to their potential 

applications in optoelectronics and spintronics.1-4 ZnO has a large exciton binding energy 

of ~60 meV,5 which make it superior for applications in light-emitting-diodes (LED) and 

laser diodes (LD). ZnO has also been both theoretically predicted6-7 and experimentally 

proved8-10 to be a high Curie temperature (TC) diluted magnetic semiconducting (DMS) 

materials when doped with transition metals. All these fantastic properties of ZnO need to 

be achieved and demonstrated by doping, a kind of technique to “magically manipulate” 

the behavior of ZnO by adding a small amount of dopant atoms into ZnO. For example, 

when you want to fabricate a ZnO LED, you need both n-type ZnO and p-type ZnO to 

form a pn junction. In a complicated LD structure, we need barrier layers to confine the 

carriers in the active layer. In ZnO, we need Mg or Be to expand its bandgap to be 

suitable barrier layers. ZnO has a bandgap of 3.37 eV at room-temperature, which 

corresponds to the near ultra-violet (UV) region. Once we need to extend this near UV 

application to visible region from ZnO, we also need to do bandgap engineering. Cd is a 

candidate to shrink the bandgap of ZnO. More straightforwardly, if we need a ZnO DMS 

material, we have to dope ZnO with metals, generally they are transition metals. The 

main and core topic of this dissertation is doping in ZnO thin films. 

  In chapter 2 of this dissertation, the optimizations of undoped ZnO thin film 



2 

growth using molecular-beam epitaxy (MBE) were discussed. Undoped ZnO is the basis 

for doping, which is also very important. Besides the general MBE growth parameters 

such as Zn cell temperature, O2 flowing rate, and substrate temperature, plasma power is 

also critical for MBE ZnO growth. How the general growth parameters affect the ZnO 

properties have been widely reported, however, no experimental studies have been 

reported on the ECR Plasma. In this chapter, the effect of ECR plasma power on the 

optimization of ZnO growth, such as growth rate, structural, electrical, and optical 

properties of the ZnO thin films is reported.11 

  In chapter 3 of this dissertation, n-type doping in ZnO through Ga is discussed. 

Although p-type doping has attracted more recent attention in ZnO research, n-type 

materials with high crystallinity and controllable electron carrier concentration (n) are 

also indispensable for optoelectronic and spintronic applications. For example, 

controllable n is important for ZnO-based dilute magnetic semiconductor materials, 

because their magnetic properties can be modulated by n.7-9 Also, group-III-doped ZnO 

with large n is a potential candidate for replacing conventional transparent conducting 

oxides such as indium tin oxide. Furthermore, in ZnO LEDs and LDs, besides the p-ZnO 

layer, n-ZnO layer is also indispensible.12 

  In chapter 4 of this dissertation, p-type doping in ZnO through Sb is discussed. 

Both the materials studies and the device fabrications based on Sb p-doping in ZnO have 
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made extensive progress in the past several years, since the theoretical prediction13 of Sb 

could be a p-dopant for ZnO by forming a complex acceptor as SbZn-2VZn (160 meV 

above EV). Successful p-type ZnO:Sb materials14-15, hetero-16 and homo-pn-junctions17, 

LEDs18-20, and LD21 have been achieved. In this chapter, the typical behaviors of 

Sb-doped p-type ZnO are presented. The Sb doping mechanisms and preference in ZnO 

are discussed. 

  In chapter 5 of this dissertation, ZnO DMS through Co magnetically doping is 

discussed. In this chapter, ZnO:Co DMS thin films with above room-temperature TC are 

presented. The structural, magnetic, and electrical transport properties of ZnO:Co thin 

films were comprehensively characterized. Intrinsic ferromagnetism is confirmed by 

TEM, XRD, carrier concentration dependent magnetization, magnetic anisotropy, 

magnetoresistance, and anomalous Hall effect. This is also the first time that carrier 

concentration dependent magnetic properties have ever been demonstrated in ZnO DMS 

materials. 

  In chapter 6 of this dissertation, ZnO DMS through Mn magnetically doping is 

discussed. Previously, it was predicted by theory that the ZnO:Co DMS would be 

ferromagnetic in n-type environment, but ZnO:Mn DMS can only be ferromagnetic in 

p-type environment.7 However, we not only observed ferromagnetism in n-type ZnO:Mn 

DMS, but also observed electron carrier concentration dependent magnetization in these 



4 

n-type ZnO:Mn DMS thin films. Motivated by our work together with recent work 

reporting ferromagnetism in n-type ZnO:Mn from several other groups, theorists start 

re-evaluating their models and calculations. Some new theories are being proposed. In 

this chapter, ZnO:Mn DMS thin films with above room-temperature TC were presented. 

The structural, magnetic, and electrical transport properties of ZnO:Mn thin films were 

comprehensively characterized. Intrinsic ferromagnetism is confirmed by TEM, XRD, 

carrier concentration dependent magnetization, magnetic anisotropy, magnetoresistance, 

and anomalous Hall effect. 

  Finally, a separate conclusion part is presented in chapter 7, the last chapter of 

this dissertation. 
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2. Chapter 2  Optimizations of Undoped Zinc Oxide Growth 

 

2.1 Introduction 

Recently, Zinc Oxide (ZnO) has been widely studied for its attractive applications 

in ultraviolet light-emitting diodes and laser diodes, because it has a direct bandgap of 

3.37 eV at room temperature and a large exciton binding energy of 60 meV.1-3 

 

2.1.1 Different growth techniques of ZnO 

Various techniques have been employed to grow ZnO,3 such as hydrothermal 

method,4-5 magnetron sputtering,6-7 pulse laser deposition,8-10 metal-organic chemical 

vapor deposition,11-14 and molecular-beam epitaxy (MBE).15-37 Among these growth 

methods, MBE has some potential advantages, such as precise control of growth 

parameters and in situ characterization techniques. Although some other oxidants such as 

NO2,35 O3,36 and H2O2
37 were tried, O2 plasma assisted method is the mainstream for ZnO 

MBE growth. Radio frequency (RF) and electron cyclotron resonance (ECR) are the two 

main plasma generation approaches. Generally ECR plasma28-34 can sustain much larger 

O2 flowing rate than RF plasma20-27 during ZnO growth. So oxygen rich condition is 

easier to be achieved by ECR plasma-assisted MBE, which is very critical for p-type ZnO 

because of the suppression of zinc interstitials and oxygen vacancies.31-32 

2.1.2 Growth parameters of ZnO 
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Besides the general MBE growth parameters such as Zn cell temperature, O2 

flowing rate, and substrate temperature, ECR plasma power is also critical for MBE ZnO 

growth. How the general growth parameters affect the ZnO properties have been widely 

reported, however, no experimental studies have been reported on the ECR Plasma. In 

this chapter, the effect of ECR plasma power on the optimization of ZnO growth, such as 

growth rate, structural, electrical, and optical properties of the ZnO thin films is reported. 

 

2.2 Experiments 

2.2.1 Growth Procedures 

ZnO thin films were grown on r-plane sapphire substrates using ECR 

plasma-assisted MBE. A radical effusion cell filled with elemental Zn (6N) metals was 

used as Zn source. Zn flux is controlled by the effusion cell temperature. An ECR plasma 

tube supplied with O2 (5N) gas was used as the oxygen source. Oxygen flow rate can be 

precisely tuned by a mass flow controller. The color of the oxygen plasma looks 

yellowish-white and white at small (e.g. 76 W) and large (e.g. 228 W) ECR power, 

respectively. The sapphire substrates were cleaned by the following procedures before 

growth. Firstly, the substrate was chemically cleaned in the hot (~150 ºC) aqua regia 

(HNO3: HCl = 1: 3) solutions for 20 minutes; rinsed by de-ionized water; dried by 

nitrogen gun; and transferred into the MBE chamber. Subsequently, the substrate was 
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thermally cleaned by annealing it at 800 ºC under vacuum in MBE chamber for 10 

minutes. Finally, 10 minutes oxygen plasma exposure treatment was performed and the 

ZnO growth was immediately followed. The substrate temperature was kept at ~550 ºC. 

Different growth conditions were employed by tuning the Zn cell temperature, O2 flow 

rate, and ECR plasma power. 

 

2.2.2 Characterizations 

In situ reflection high-energy electron diffraction (RHEED) measurements were 

performed on the as grown samples. X-ray diffraction (XRD) measurements were 

performed using a Bruker D8 Advance x-ray diffractometer. Hall effect measurements 

were carried out using an Ecopia HMS-3000 Hall effect measurement system at 

room-temperature. Photoluminescence (PL) study was carried out using a home-built PL 

system at room temperature. A 325-nm-wavelength He-Cd laser was used as excitation 

source and a photomultiplier tube was used to detect the PL signals. 

 

2.3 Results and discussions 

2.3.1 Growth rates 

Table 2.1 shows the growth parameters and growth rates of the ZnO thin films. 

Samples A to D were grown with the same O2 flow rate of 15 sccm and ECR plasma 
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power of 76 W, but with different Zn effusion cell temperatures ranging from 360 to 400 

°C. Samples D to F were grown with the same Zn effusion cell temperature at 400 °C and 

O2 flow rate of 15 sccm, but with different ECR plasma powers, ranging from 76 to 228 

W. Sample G was grown for comparison to sample B, which only differs in the oxygen 

flowing rate. 

 

Table 2.1  Growth parameters and growth rates of the ZnO thin films. 

Sample 

Zn cell 

temperature (°C) 

O2 flow rate 

(sccm) 

ECR current 

(mA) 

ECR power 

(W) 

Growth rate 

(nm/min) 

A 360 15 20 76 0.38 

B 380 15 20 76 0.94 

C 390 15 20 76 1.11 

D 400 15 20 76 1.11 

E 400 15 40 152 1.78 

F 400 15 60 228 2.07 

G 380 20 20 76 0.87 
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Fig. 2.1. (a) Growth rate as a function of Zn cell temperature. O2 flow rate and ECR 
power were kept at constants of 15 sccm and 76 W, respectively. (b) Growth rate as a 
function of the ECR plasma power. O2 flowing rate and Zn cell temperature were kept at 
constants of 15 sccm and 400 °C, respectively. 

 

Figure 2.1(a) shows the relation between the ZnO thin film growth rate and the Zn 

effusion cell temperature within samples A to D. The growth rate increases from 0.38 

nm/minute in sample A to 1.11 nm/minute in sample C with the increase of the Zn cell 
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temperature from 360 to 390 °C. However, further increase of the Zn cell temperature 

from 390 to 400 °C leads to the saturation of the growth rate, which means zinc rich 

condition has been reached. It is concluded that sample C was grown approximately 

under stoichiometric condition and oxygen rich condition is reached within the regime of 

Zn cell temperature between 360 and 390 °C. In the oxygen rich condition region, further 

increase of O2 flow rate while maintaining the same Zn cell temperature (for example, 15 

sccm for sample B vs. 20 sccm for sample G) leads to slightly smaller growth rate (0.87 

nm/min for sample G and 0.94 nm/min for sample B). This is attributed to the larger 

scattering rate from increased gas flow. Figure 2.1(b) shows the relation between the 

growth rate and the ECR plasma power within sample D to F. The growth rate increases 

from 1.11 nm/minute in sample D to 2.07 nm/minute in sample F with the increase of the 

ECR power from 76 to 228 W, indicating that ECR power plays an important role for 

ZnO thin film growth rate. The increase of the growth rate at the increased plasma power 

is attributed to the increased atomic oxygen density, because the Zn atoms react with the 

atomic oxygen instead of molecular oxygen during the ZnO growth. Similar experimental 

results were also reported in the ECR plasma-assisted MBE nitride growth that larger 

plasma power leads to increased density of the atomic nitrogen.38 
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2.3.2 Structural Properties 

Figure 2.2 shows the RHEED patterns of samples A to F. From A to C, the 

RHEED patterns become more and more streaky, indicating that the surface is smoother. 

Also, sample C shows a streakier pattern than sample D. No evident RHEED pattern 

difference was observed among samples D, E, and F, but differences were observed in the 

XRD spectra. 

 

 

Fig. 2.2. (a)-(f) RHEED patterns of samples A to F, respectively. Samples A to D were 
grown with the same O2 flow rate and ECR power but different Zn cell temperature. 
Samples A and B are under oxygen rich condition while sample D is under zinc rich 
condition. Sample C was grown with stoichiometric condition, showing the streakiest 
pattern. Samples D to F were grown with the same Zn cell temperature and oxygen flow 
rate but different ECR power. Samples D to F show similar RHEED pattern, indicating 
no evident roughness variation of the films with increased plasma power. 

 

(a) A (b) B (c) C 

(d) D (e) E (f) F 
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Fig. 2.3. XRD spectra of samples D, E, and F. The insets show FWHM of the )0211(  

ZnO peak, which decreases from 0.31˚ to 0.21˚ from sample D to F, indicating better 
crystallinity. 
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Figure 2.3 shows the XRD spectra of samples D, E, and F. The peaks at 25.8˚ and 

52.8˚ originate from the )0211(  and )0422(  planes of r-cut sapphire substrates. The 

peaks located at around 56.7˚ are from ZnO )0211(  plane. The insets show the full 

width at half maximum (FWHM) of the )0211(  ZnO peak, which decreases from 0.31˚ 

in sample D to 0.21˚ in sample F, indicating that larger ECR plasma power leads to better 

ZnO crystallinity. This is attributed to the decreased ionic oxygen (increased atomic 

oxygen) density from enhanced plasma power.38-39 Ionic particles generally degrade thin 

film quality during the epitaxial growth. The FWHM values are also summarized in Table 

2.3. 

 

2.3.3 Electrical Properties 

Figures 2.4 (a) and (b) show the relations between the electron carrier 

concentration and resistivity and the Zn cell temperature, respectively. The plasma power 

was fixed for all samples. Larger electron carrier concentration and lower resistivity were 

observed in thin film samples grown with higher Zn cell temperature, which was 

attributed to the larger density of Zn interstitials.  
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Fig. 2.4. (a) Electron carrier concentration as a function of Zn cell temperature with 
plasma power at constant. (b) Resistivity as a function of Zn cell temperature with plasma 
power at constant. Larger electron carrier concentration and lower resistivity were 
observed in thin film samples grown with higher Zn cell temperature, which was 
attributed to the larger density of Zn interstitials. 
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Fig. 2.5. (a) Electron carrier concentration as a function of plasma power with Zn cell 
temperature at constant. (b) Resistivity as a function of plasma power with Zn cell 
temperature at constant. Smaller electron carrier concentration and higher resistivity were 
observed in thin film samples grown with larger plasma power, which was attributed to 
the suppression of Zn interstitial formation with increased plasma power. 
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concentration and resistivity and the ECR oxygen plasma power, respectively, with the 

Zn cell temperature at constant. Smaller electron carrier concentration and higher 

resistivity were observed in thin film samples grown with larger plasma power, which 

was attributed to the suppression of Zn interstitial formation with increased plasma power. 

When the ECR oxygen plasma power increases, although the oxygen flow rate does not 

increase, the atomic oxygen supply increases. This suggests that during plasma-assisted 

MBE ZnO growth, oxygen rich condition can be obtained not only by decreasing Zn cell 

temperature or increasing oxygen flow rate, but also by increasing oxygen plasma power. 

Hall effect measurements results of the ZnO thin films were also summarized in Table 

2.2. 

 

Table 2.2  Hall effect measurements data of the ZnO thin films. 

Sample 

Electron carrier 

concentration (cm-3) 

Resistivity 

(Ω cm) 

Hall Mobility 

(cm2/Vs) 

A 5.3 × 1016 98 1.2 

B 1.4 × 1017 37 1.2 

C 3.7 × 1017 4.2 4.0 

D 6.9 × 1018 0.061 15 

E 3.9 × 1018 0.18 8.8 

F 9.6 × 1017 0.49 13 
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2.3.4 Optical properties 

 

Fig. 2.6. Room-temperature PL emission spectra of samples D, E, and F around the NBE 
region. The FWHM of the ZnO NBE emission peaks decreases from 190 to 175 meV 
with increased plasma power from sample D to F. 

 

Figure 2.6 shows room-temperature PL spectra of samples D, E, and F. The 

peaks around 3.30 eV are from ZnO near band-edge (NBE) emission. FWHM of the ZnO 

NBE emission peaks decreases from 190 to 175 meV from sample D to F. FWHM values 

of the PL peaks were also summarized in Table 2.3. Narrow room temperature PL peak 

width indicates small density of non-radiative centers. So it shows that better optical 

properties can be achieved with larger ECR oxygen plasma power during ZnO growth. 

The reason is also attributed to the decreased ionic oxygen density from enhanced plasma 
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power. The decreased ionic oxygen reduces the crystalline degradation of the ZnO film 

arising from the ionic oxygen hitting the film surface during growth. The density of the 

non-radiative centers of epitaxial grown materials is closely related to the crystallinity. 

 

Table 2.3  Full-width at half-maximum (FWHM) of the ZnO (11 2 0) XRD and 
near band edge emission (NBE) PL peaks from the ZnO thin film sample D, E, and F at 
room temperature. 
 

Sample 
FWHM of ZnO (11 2 0) XRD peak 

(°) 
FWHM of ZnO NBE PL peak 

(meV) 

D 0.31 190 

E 0.25 181 

F 0.21 175 

 

2.4 Summary 

ZnO thin films were grown on r-plane sapphire substrates using ECR 

plasma-assisted MBE. ECR plasma power plays an important role to the growth rate and 

crystallinity of ZnO thin films. The effect of the oxygen ECR plasma power on the 

growth rate, structural, electrical, and optical properties of the ZnO thin films were 

studied. The growth rate increases with the increase of plasma power because of the 

increased atomic oxygen density. The enhanced plasma power improves ZnO film 

crystallinity, decreases the density of Zn interstitial defect formation, and improves 
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optical properties due to smaller density of non-radiative luminescence centers because of 

decreased ionic oxygen density. 
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3. Chapter 3  Gallium Doping in Zinc Oxide 

 

3.1  Introduction 

3.1.1 Current status of photoluminescence studies in ZnO 

  Photoluminescence (PL) properties in ZnO materials have been widely 

studied,1-3 however, the origins of some characteristic PL lines in ZnO are not well 

clarified yet. For example, the origin of the PL lines locating at 3.30 – 3.32 eV in ZnO is 

still very controversial so far. These lines have been attempted to various assignments,4 

such as acceptor-bound excitons, donor-acceptor pairs (DAP), and free electrons to 

neutral acceptors, but never unambiguously defined. Another example is the I1 PL line in 

ZnO, which lies above the common neutral donor-bound-exciton lines but below the free 

A exciton line. The I1 line is widely observed in ZnO but its origin is also still 

controversial. Recently, we performed systematic PL studies in a series of Ga-doped ZnO 

thin films with different electron carrier concentrations (n),5 which have applications in 

optoelectronic devices6-8 and spintronics9-11 and transparent conducting oxides.12 Three 

dominant donor-related PL lines, which are neutral Ga donor-bound-exciton I8 line (3.359 

eV), I1 line (3.368-3.371 eV), and IDA line (3.313-3.321 eV), were observed in these 

Ga-doped ZnO thin films.5 The peak energies and strengths of these three dominant PL 

lines evolve with increasing n. We proposed a model to explain these lines and their 

evolutions by assigning I1 and IDA as ionized Ga donor-bound-exciton and DAP lines, 
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respectively.5 In this chapter, more comprehensive PL experimental results, including 

excitation power- and temperature-dependent, are presented. 

 

3.1.2 Background of Ga-doping in ZnO 

  Althougth p-type doping has attracted more recent attention in ZnO research, 

n-type materials with high crystallinity and controllable electron carrier concentration (n) 

are also indispensable for optoelectronic and spintronic applications. For example, 

controllable n is important for ZnO-based dilute magnetic semiconductor materials, 

because their magnetic properties can be modulated by n.9-10 Also, group-III-doped ZnO 

with large n is a potential candidate for replacing conventional transparent conducting 

oxides such as indium tin oxide. Among Group III elements, Ga is an excellent n-type 

dopant in ZnO with a more compatible covalent bond length (1.92 Å for Ga-O and 1.97 

Å for Zn-O) than that of Al or In (2.7 Å for Al-O and 2.1 Å for In-O). Ga-doped ZnO has 

been widely studied,13-31 however, among the Ga-related excitonic transitions, only 

excitons bound to neutral GaZn donors (I8 in the literature) have been commonly reported. 

 

3.2  Experiment 

3.2.1 Sample preparation 

  The undoped and Ga-doped ZnO thin films were grown on r-plane sapphire 
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substrates using plasma-assisted molecular-beam epitaxy (MBE). The Zn and Ga sources 

were provided by radical Zn (6N) and Ga (6N) effusion cells, and the oxygen plasma was 

generated by a radio frequency plasma source sustained with O2 (5N) gas. The O2 flow 

rate can be precisely tuned using a mass flow controller. The sapphire substrates were 

cleaned by a 3-step process: the first step was chemical cleaning in a hot (~150 ºC) aqua 

regia (HNO3: HCl = 1: 3) solution for 20 min, then rinsing in de-ionized water, and 

finally drying with a nitrogen gun before being transferred into the MBE chamber. Next, 

the substrates were thermo-annealed at 800 ˚C under vacuum for 20 min. Finally, oxygen 

plasma treatments were performed immediately before growth. Both the undoped 

(sample A) and Ga-doped (samples B-I) ZnO films were grown at 565 ˚C for 180 min. 

The O2 flow rate was kept at 5 SCCM (standard cubic centimeter per minute) for all the 

samples, except that 2 SCCM was used for sample I. All samples were annealed in situ at 

800 ˚C under vacuum for 20 min after growth to activate the Ga dopants and improve the 

film crystallinity. The electron carrier concentration n of the Ga-doped ZnO thin films 

was controlled by the amount of Ga incorporation into the film, which in turn is 

determined by the ratio between Ga and Zn fluxes, controlled by the Ga and Zn 

effusion-cell temperatures. 
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Table 3.1  Growth parameters of the undoped and Ga-doped ZnO thin films. 

 

Sample Description 

Zn cell 

temperature (˚C) 

Ga cell 

temperature (˚C) 

O2 flux 

(sccm) 

A Undoped ZnO 370 undoped 5 

B Ga-doped ZnO 370 500 5 

D Ga-doped ZnO 370 525 5 

E Ga-doped ZnO 370 550 5 

F Ga-doped ZnO 370 575 5 

G Ga-doped ZnO 370 600 5 

H Ga-doped ZnO ~355 520 5 

I Ga-doped ZnO ~350 540 2 

C Ga-doped ZnO ~360 500 5 

 

  Firstly, the Zn cell temperature was fixed at 370 ˚C and the Ga cell temperature 

was tuned from 500 ˚C to 600 ˚C in a step of 25 ˚C. In this series, five Ga-doped ZnO 

samples, with values of n at room-temperature (RT) ranging from 5.5×1018 to 3.6×1019 

cm-3 (samples B and D-G), were achieved. Then two more Ga-doped ZnO samples with 

larger n, up to 1.8×1020 cm-3 at RT, were grown with decreased Zn cell temperatures 

(samples H and I). Finally, a Ga-doped ZnO (sample C) with n = 9.6 ×1018 cm-3 at RT, 
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which is in between that of samples B and D, was grown by precisely tuning the relative 

ratio between the Zn and Ga fluxes. 

 

Table 3.2  The electron carrier concentrations of undoped and Ga-doped ZnO thin 

films at 300 K and 10 K. 

 

Sample 

300 K electron carrier concentration 

(cm-3) 

10 K electron carrier concentration 

(cm-3) 

A 1.9 × 1018 1.8 × 1018 

B 5.5 × 1018 3.6 × 1018 

C 9.6 × 1018 8.8 × 1018 

D 1.5 × 1019 1.5 × 1019 

E 2.3 × 1019 2.2 × 1019 

F 2.5 × 1019 2.4 × 1019 

G 3.6 × 1019 3.5 × 1019 

H 7.4 × 1019 7.4 × 1019 

I 1.8 × 1020 1.8 × 1020 

 

  The detailed growth parameters of these nine samples are summarized in Table 

3.1. The 300 K and 10 K n values of the samples are shown in Table 3.2. The n values do 
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not show strong temperature dependence, since they are basically degenerate. In the 

following text, we refer to samples B and C as low-Ga-doped, samples D, E, and F as 

medium-Ga-doped, and samples G, H, and I as heavy-Ga-doped. 

 

3.2.2 Characterizations 

  Reflection high-energy electron diffraction (RHEED) measurements were 

performed in situ on the as-grown samples in the MBE system. Hall-effect measurements 

were carried out using a Quantum Design physical properties measurement system 

(PPMS) in Hall bar geometry at 10 K and 300 K with various magnetic fields (1 – 10 T), 

and a LakeShore 7507 system in Van der Pauw geometry from 15 – 320 K at 1 T. The 

room-temperature Hall-effect data were further cross-checked using an Ecopia 

HMS-3000 Hall effect measurement system in Van der Pauw geometry at 1 T magnetic 

field. X-ray diffraction (XRD) measurements were performed using a Bruker D8 

Advance x-ray diffractometer. Photoluminescence measurements were carried out using a 

home-built PL system. The 325-nm wavelength He-Cd laser was used as an excitation 

source and a photomultiplier tube was used to detect the PL signals. The resolution of the 

PL system was 0.15 nm, which is ~1.5 meV in the ultraviolet emission region. The 

temperature control from 9 K to 300 K in the PL system was achieved using a Janis 

Cryostat and a He compressor. Various excitation powers were achieved by filtering the 
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emitting laser.  

 

3.3  Results and discussions 

3.3.1 Structural properties 

  Figure 3.1 shows the XRD spectra of undoped sample A and heavily Ga-doped 

sample G. Only the ZnO and GaZnO )0211(  peaks are observed in the samples, 

indicating that both samples are single-crystalline and the heavy Ga doping does not 

significantly degrade the crystallinity of the film. The insets in Fig. 3.1 show the RHEED 

patterns of the two samples. Note the change from the streaky pattern of the undoped 

sample to the spotty pattern of the Ga-doped sample, which indicates that the surface of 

the film becomes rougher after heavy Ga doping. 

 

 

 

 

 

 

FIG. 3.1.  XRD patterns of (a) undoped ZnO sample A and (b) heavy-Ga-doped ZnO 
sample G. The insets show the RHEED patterns of samples A and G, which are streaky 
and spotty, respectively. 
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3.3.2 Low temperature photoluminescence properties 

  Figures 3.2(a)-(i) show the 9K PL spectra of samples A to I. In the nine spectra, 

three basic PL peaks, designated I1, I8, and IDA, are dominant: I1, at 3.368-3.371 eV, is 

found in samples A to E; I8, at 3.359 eV, in samples F to I; and IDA, at 3.313-3.321 eV, in 

samples B to G. The I8 line is the commonly accepted as the neutral Ga 

donor-bound-exciton recombination.2,13-14 The I1 line lies above the common neutral 

donor-bound-exciton lines, I9(In), I8(Ga), I6(Al), and I4(H), which span the range of 3.357 

– 3.363 eV, but below the free A exciton line at 3.377 eV. It has been seen in the past1-2 

but never unambiguously identified. More recently, however, it has been associated with 

an exciton bound to an ionized Ga donor15-16. In almost all n-type ZnO samples, the 

intensity of I1 is much less than that of I8; however, several of our samples show exactly 

the opposite relationship, and we will give the reasons below. 
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FIG. 3.2  PL spectra measured at 9 K for samples A to I [(a) to (i)]. 
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  The PL lines occurring in the region 3.30 – 3.32 eV have been variously 

assigned in the literature to many different transitions, including those involving 

acceptor-bound excitons, donor-acceptor pairs (DAPs), and free electrons to neutral 

acceptors.4 In fact, more than one mechanism may contribute to luminescence in this 

region. Here we will argue that DAP transitions best describe line IDA in our case. 

Immediate support for this assignment arises from a study of the excitation-power 

dependence of the luminescence in sample E. In this sample, the IDA transition energy 

clearly blueshifts with excitation power (which is discussed in the subsection 3.3.3), 

whereas that of I1 does not. This is a strong indication that IDA represents a DAP 

transition. Further support is presented below. 

  We propose that IDA consists of transitions between neutral GaZn donors and 

neutral Zn-vacancy (VZn) acceptors, or acceptor complexes. Obviously GaZn donors 

should be abundant in our samples, but VZn acceptors also have low formation energies 

and are common in n-type ZnO.33 In this scenario, the DAP transition would be written as: 

GaZn
0 + VZn

0 → GaZn
+ + VZn

-. The photon emitted in this transition should have an 

energy, 

 vdWDAADgDA EreEEEE −+−−= −+ πε4/)V()Ga( 20/
Zn

0/
Zn     (3-1) 

where ED(GaZn) = 55 meV from analysis of two-electron satellite spectra2,14 and EA(VZn) 
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is estimated to be about 180 meV, as recently determined from density-functional theory 

(DFT).34 The term Ecoul = e2/4πεrDA is the Coulomb energy arising from the proximity 

between the donor and acceptor, and EvdW is the van der Waals (vdW) polarization energy 

associated with the dipole-dipole interaction.35 The vdW term is very small compared to 

the Coulomb term when rDA is large, and hence is generally neglected. However, when 

rDA is small (say, < 2 nm), the contribution from the vdW term needs to be considered. 

The traditional vdW term is in the form of 

      5
2

)(
4 DADA

vdW r
b

r
eE
πε

=        (3-2) 

as proposed by Dean in GaP materials, with b a constant for a given donor and acceptor. 

35 However, it was later found that this equation gives a very unsatisfactory result in II-VI 

materials, especially in the region of closer pairs (rD-A < 3 nm).36 Instead, an exponential 

form 

   ])nm[312.1exp(06823.0]eV[ DAvdW rE ×−×=      (3-3) 

was employed by Neumark37 to achieve a good fit. We will use Neumark’s formula as a 

reasonable approximation for our samples, because EvdW is rather small compared to Ecoul 

and thus high accuracy in EvdW is not required. 

  Consider the PL spectrum for sample F in Fig. 3.2. Here I8 is strong and I1 does 

not appear in the linear plot, which indeed is typical of most ZnO samples that we have 

examined. To apply Eq. (3-1), we need to know the donor and acceptor concentrations, 
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ND and NA, respectively. Measurement of these quantities requires 

temperature-dependent Hall-effect (T-Hall) measurements, and to analyze the T-Hall data 

we employ a general two-layer algorithm outlined in Ref. 32. The fitting results are: ND1 

= 6.3 x 1019, ND2 = 7.0 x 1018, NA1 = 4.0 x 1019, and NA2 = 2.0 x 1018 cm-3; and d1 = 440 

and d2 = 20 nm. Here NDi, NAi, and di, are the donor concentration, acceptor 

concentration, and thickness of layer i, respectively. Layer 2 is probably representative of 

the surface and/or interface regions, and is not of importance in this study. In the dark, at 

10 K, the neutral donor concentration in layer 1 is ND
0 ≈ ND – NA = 2.3 x 1019 cm-3, and 

the neutral acceptor concentration is N0
A ≈ 0, since almost all of the acceptors will be 

negatively charged. In the light, photogenerated electrons will create more D0 through the 

reaction e + D+ → D0, and photogenerated holes will create A0 through the reaction h + 

A- → A0. Of course, some of the photogenerated electrons and holes will also form free 

excitons, h + e → X, and at 10 K most of these excitons will bind to neutral donors, 

forming D0X. (Note that neutral acceptors are rarely seen in ZnO.) If these three 

reactions are the only ones available (or at least are dominant), then the photogenerated 

neutral donors and acceptors must be equal: ΔD0 = ΔA0. Since clearly D0 + ΔD0 > ΔA0, 

the average distance between neutral donors and acceptors will be determined by the 

average distance between neutral donors; i.e., rDA ≈ (3/4πND
0)1/3 ≈ 2.2 nm, assuming ND

0 

>> ΔND
0. Then, applying Eqns. (3-1) and (3-3), EDA = 3.437 – 0.055 – 0.18 +0.081 – 
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0.004 = 3.279 eV. If on the other hand, it is assumed that the light neutralizes all of the 

donors, then EDA = 3.307 eV. With this and other uncertainties, including that in the DFT 

value [EA(VZn
0/-) = 0.18 eV], our range of 3.279 – 3.307 eV is in good agreement with the 

experimental value, 3.321 eV. This agreement, along with the aforementioned 

observation of a blue shift with excitation intensity, justifies the assignment of IDA as a 

DAP transition involving GaZn donors and VZn acceptors. 

  The other main PL line in Fig. 3.2(f), I8, is almost universally acknowledged to 

be the GaZn D0X line. The existence of this line is entirely expected from the high 

concentration of neutral donors available for the reaction D0 + X → D0X. Although the 

relative strengths of I8 and IDA depend upon many factors, certainly one of these factors is 

the photogenerated neutral-acceptor concentration ΔA0. Indeed, as more Ga donors are 

added to the ZnO (cf. samples G, H, and I in Fig. 3.2), the reaction e + h + D0 → D0X 

may become more and more dominant over the reaction h + A- → A0, thus favoring I8 

over IDA. 

  Finally, we must explain the dominance of ionized donor-bound excitons in 

low-Ga-doped samples, such as sample A which has only background Ga doping. The 

occurrence of strong D+X transitions, represented by I8, is very unusual. To explain this 

phenomenon, we again turn to the T-Hall fitting,32 which for sample A [Fig. 3.2(a)] gives: 

ND1 = 1.33 x 1020, ND2 = 6.5 x 1019, NA1 = 1.30 x 1020, and NA2 = 2.5 x 1019 cm-3; and d1 
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= 199 and d2 = 1 nm. Again, only layer 1 is of any importance, and in the dark we get ND
0 

= ND – NA ≈ 3 x 1018 cm-3, and ND
+ ≈ NA = 1.3 x 1020 cm-3. (Note that the compensation 

ratio NA/ND is close to one for sample A. However, this is often the case in as-grown 

ZnO; see, e.g., Table I in Ref. 32.) Thus, ND
+ >> ND

0, so that in weak light the ionized 

donor-bound excitons D+X (I1) might be expected to dominate over the neutral 

donor-bound excitons D0X (I8). Even in stronger light, it takes three reactions to make 

D0X from D+: (1) e + h → X; (2) e + D+ → D0; and (3) X + D0 → D0X. The DAP 

analysis [Eq. (3-1)] for sample A follows that given earlier for sample F, and the results 

are that EDA ≈ 3.243 eV if there is almost no additional donor neutralization from the 

photoexcitation, and EDA ≈ 3.334 eV if all of the donors are neutralized and participate in 

DAP recombinations. The experimental value EDA ≈ 3.323 eV falls in this range; 

however the accuracy of this value may be poor, because the IDA intensity is quite weak 

and the line may overlap with other PL lines in this region. For example, there is a 

well-known line at 3.333 eV that often appears in ZnO. Further analysis of the relative 

line intensities and energies would require more detailed knowledge of the various 

capture cross sections and other factors. 
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FIG. 3.3 Excitation power-dependent PL for samples D, E, and F [(a) to (c)] at 9 K. 
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3.3.3 Excitation power-dependent photoluminescence 

 

  An immediate support for the assignment of IDA line as a DAP transition is the 

excitation-power dependence of the luminescence. Figure 3.3(a)-(c) show the excitation 

power-dependent PL performed at 9 K on samples D, E and F. The IDA transition energy 

clearly blueshifts with increased excitation power, whereas that of I1 does not in all three 

samples. This is a strong indication that IDA represents a DAP transition. The blue-shifted 

value is not large (esp. in sample F), which is due to the relatively small variation range 

of the excitation power (less than 4 times difference from 64 to 240 μW). 

 

3.3.4 Temperature-dependent photoluminescence 

  Figures 3.4 (a)-(c) show temperature-dependent PL spectra of Ga-doped ZnO 

samples D, E, and F. As temperature increases, a DAP transition energy might be 

expected to shift in two different ways: (1) a blue shift due to the donor electron first 

being thermally excited to the conduction band (CB) before its radiative capture by the 

acceptor; and (2) a red shift due to bandgap shrinkage. At a given temperature, a fraction 

of the donor electrons in the DAPs will have been thermally excited to the CB before 

being captured by their paired acceptors, and those electrons will thus recombine with an 
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energy higher by about 55 meV, the donor energy. The overall blue shift might then be 

expected to be about 55 meV. On the other hand, the CB itself will have shifted 

downwards, leading to a red shift. These two effects will partially cancel each other, so 

the overall effect could be small. As seen in Fig. 3.4, from about 9 – 150 K, the IDA peak 

energy shows a blue shift ≤ 20 meV with increasing temperature in samples D and E, and 

an even smaller shift in sample F. Even though quantitative analysis is difficult with such 

small shifts, still the qualitative behavior of IDA is consistent with a DAP recombination 

model. We also observed that the IDA intensity decreases much more rapidly after 

temperature exceeding 50 K than below that, which is also consistent with DAP 

characteristics. 
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FIG. 3.4  Temperature-dependent PL for samples D, E, and F [(a) to (c)]. 
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  A more detailed picture of the GaZn donor-bound exciton I8 in sample I is given 

in Fig. 3.5. The PL spectra as a function of temperature are presented in Fig. 3.5 (a), and 

their integrated intensities in Fig. 3.5 (b). Here the small contributions from the IDA peak 

at 3.321 eV are ignored, because their peak intensities are about two orders of magnitude 

smaller than the I8 peak intensities, in each case. (Note that the data in Fig. 3.5(a) are on a 

log scale.) The temperature dependence of the integrated intensities was fitted to a 

common expression: 

)/exp(1
)( 0

TkE
ITI

Bb−⋅+
=

υ
       (3-4) 

where bE  is the binding energy of the donor bound exciton, kB is Boltzmann’s constant, 

and I0 andυ  are fitting parameters. Here I0 was approximated by I9K. Such an analysis 

has been widely used in both ZnO 42-46 and other material systems such as GaN47 and 

SiGe48, to estimate physical parameters such as the exciton binding energy42-47 and the 

carrier effective mass48. 
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FIG. 3.5  (a) Temperature-dependent PL spectra of sample I. (b) Fit of the temperature 
dependence of the integrated PL intensity. 
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donor should be 3.377 – 3.359 eV = 18 meV. The slight discrepancy between this and the 

fitting value might arise at least partially from ignoring the integrated line strength of IDA 

or of the free exciton itself, from the temperature difference between the sensor and the 

sample in the cryostat, and from fitting accuracy. Since ED(Ga) = 55 meV, determined 

from an analysis of TES transitions2,14, either measured value of Eb is consistent with a 

Haynes factor49 of 0.3. 

 

3.4  Summary 

  In summary, we have carried out photoluminescence (PL) and Hall-effect 

measurements for a series of Ga-doped ZnO thin films grown by molecular-beam epitaxy. 

For high Ga doping, the PL spectra are dominated by the neutral-Ga donor-bound exciton 

I8 at 3.359 eV, and for low Ga doping, the ionized-Ga donor bound exciton I1 at 3.371 eV. 

The low-Ga spectra in this study demonstrate one of the first ever observations of higher 

I1 intensity than that of I8, and this phenomenon is explained by the T-Hall result that 

[Ga+] >> [Ga0] in these low-Ga samples. For intermediate Ga doping, a line that ranges 

from 3.31 – 3.32 eV, designated as IDA, is dominant. We have shown that IDA has 

characteristics of a donor-acceptor-pair transition, and have used a detailed, quantitative 

analysis to argue that it arises from GaZn donors paired with Zn-vacancy (VZn) acceptors. 

The success of our analysis depends upon, and lends credence to, a recent theoretical 
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calculation of the VZn
0/- acceptor transition energy. The excitation power-dependent and 

temperature-dependent PL results support the DAP assignment well. A Haynes factor of 

0.3 is derived based on low-temperature and temperature-dependent PL studies on 

heavily Ga-doped ZnO samples. 
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4. Chapter 4  Antimony Doping in Zinc Oxide 
 

4.1 Introduction 

4.1.1 Background of p-type doping in ZnO 

  Undoped zinc oxide (ZnO) is n-type because of the “intrinsic” shallow donors 

such as Zn interstitial (Zni)1, Zni-related complexes2, hydrogen (H)3, and H-related 

complexes4 inside ZnO. Furthermore, it has been theoretically calculated that the 

formation energy of the intrinsic donors in ZnO, such as Zni and oxygen vacancy (VO), is 

much lower than that of the intrinsic acceptors in ZnO, such as oxygen interstitial (Oi) 

and Zn vacancy (VZn).5 So, reliable p-type ZnO is difficult to be achieved due to this 

asymmetrical formation energies between the intrinsic donors and acceptors and the 

forementioned intrinsic shallow donors in ZnO, although researchers have been putting 

their efforts on the p-type ZnO for many years.6 Different dopants have been tried to 

achieve p-type ZnO materials, such as group-I elements (Li, Na, Ag, and Cu) and 

group-V elements (N, P, As, Sb, and Bi). Li and Na could be shallow acceptors in ZnO if 

they are in substitutional states for Zn sites,5 however, these elements prefer interstitial 

states in ZnO due to their relatively small atom sizes, which become donors states. 

Among all these potential acceptor candidates, N, P, As, and Sb seem to have better 

chances to achieve p-type doping in ZnO and working devices. N has close atom size as 

O and NO is a relatively shallow acceptor, however, the solubility of N and compensation 

from formation of N2 molecules in ZnO is an issue. Successful p-type doping7 and 
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devices8 in ZnO through N were previously demonstrated. Since As and Sb have larger 

atomic size than O, both theoretical calculations and experimental results prove that these 

atoms prefer to occupy the Zn rather than O sites, and simultaneously two VZn’s might be 

adjacent to form. The complexes AsZn-2VZn (or SbZn-2VZn), representing as an acceptor in 

ZnO. Successful p-type doping9 and devices10 in ZnO through As were previously 

demonstrated by Ryu et al. Sb-doped ZnO materials and devices are discussed in detail in 

this chapter. The case of P is in between N and As/Sb, both PO and PZn-2VZn states were 

claimed previously, and amphoteric doping results were reported.11 However, p-type 

doping12-13 and devices14 in ZnO through P were also previously demonstrated to be not 

reliable. 

 

4.1.2 Review of p-type Sb-doping in ZnO and related devices 

  Here, I will briefly review and summarize the previous successful p-type doping 

in ZnO and devices based on Sb-doping. It was commonly accepted that p-type doping in 

ZnO through Sb was firstly predicted by Limpijumnong et al based on theoretical 

calculations,15 in which it has been proposed that SbZn-2VZn complexes, providing a net 

hole each, will be formed when Sb is doped into ZnO. Actually, before the theoretical 

predication, some studies have already been attempted on p-type doping in ZnO through 

Sb (e.g. Ref. 16), in which the preparation methods of the ZnO are thermal oxidation of 
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other Zn compounds and the Sb doping was achieved by excimer laser burning the 

pre-deposited Sb layer. So these film can hardly be employed for optoelectronic 

application even p-type was indeed achieved due to the poor quality arisen from the 

growth methods. Furthermore, the hole concentration (~1020 cm-3) is unbelievably high 

there, hence, the reliability is questionable. First epitaxial p-type Sb-doped ZnO (ZnO:Sb) 

thin films were obtained by Xiu et al using a molecular beam epitaxy (MBE) system on 

Si substrates.17-18 Soon later, Sb-doped p-type ZnO19 and MgZnO20 thin films on sapphire 

substrates were achieved. Then the Ohmic contacts on Sb-doped p-type ZnO thin films 

have been systematically studied.21-22 Followed by these results, prototype hetero-23 and 

homo-pn-junctions24 based on p-type ZnO:Sb have been demonstrated. However, no light 

comes out on these ZnO:Sb-based junctions, until the first ZnO:Sb light-emitting-diode 

(LED) was fabricated by Mandalapu et al recently.25 In this ZnO LED device, ZnO:Sb 

and undoped ZnO were used for p- and n-layers, respectively. In this LED, the ultraviolet 

(UV) near-band-edge (NBE) electroluminescence (EL) emissions were observed at 

low-temperatures and room-temperature, even though the deep level emission dominates 

in the EL spectra. Subsequently, a Ga-doped ZnO (ZnO:Ga) with larger electron carrier 

concentration (n) was employed replacing the undoped ZnO as the n-layer in the device, 

then a ZnO LED with UV NBE EL emissions dominating in the spectra at low 

temperatures were demonstrated.26 After further optimizations of the epitaxial film 
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growth and device fabrications, room-temperature UV NBE EL emissions dominating 

ZnO:Sb/ZnO:Ga LED was achieved.27 Most recently, electrically pumped random lasing 

effect was observed in a p-ZnO:Sb/n-ZnO:Ga based diode with two thin MgZnO barrier 

layers confining the active recombination ZnO layer.28 These results prove that the Sb 

doping in ZnO is effective and interesting. In this chapter, we summarize continuing 

study on ZnO:Sb p-doping and further discuss the Sb doping mechanism and preference 

in ZnO. 

 

4.2. Experiment 

4.2.1 Sample preparation 

  The Sb-doped ZnO thin films were grown using plasma-assisted MBE. The Zn 

and Sb sources were provided by radical Zn (6N) and Sb (6N) effusion cells, and the 

oxygen plasma was generated by an electron-cyclotron-resonance (ECR) or a 

radio-frequency (RT) plasma source sustained with O2 (5N) gas. The O2 flow rate can be 

precisely tuned using a mass flow controller. Different substrates, including Si (100), Si 

(111), SiO2, r-plane sapphire, and c-plane sapphire were used for the ZnO:Sb thin film 

epitaxial growth. 

  All Si substrates were cleaned with a modified Piranha-HF method. First, the 

substrate was dipped in Piranha solution (H2O2:H2SO4 = 3:5) for 1 min and then in an 
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aqueous HF solution (HF: H2O = 1:10) for 1 min to hydrogenate the substrate surface. 

This procedure was repeated three times. Four steps were followed during the growth 

process. Next, the Si substrate was thermally cleaned at 650 ˚C for 10 min to disassociate 

hydrogen bonds, leaving a fresh Si surface for subsequent growth. All sapphire substrates 

were cleaned by a 3-step process: the first step was chemical cleaning in a hot (~150 ºC) 

aqua regia (HNO3: HCl = 1: 3) solution for 20 min, then rinsing in de-ionized water, and 

finally drying with a nitrogen gun before being transferred into the MBE chamber. Next, 

the substrates were thermo-annealed at 800 ˚C under vacuum for 20 min. Finally, oxygen 

plasma treatments were performed immediately before growth. All as-grown ZnO:Sb thin 

films were annealed in situ under vacuum in MBE chamber to thermally activate the Sb 

dopants. SiO2 substrates with acetone and alcohol alternately for several times, and then 

rinsed by de-ionized (DI) water and dried by nitrogen gun. 

 

4.2.2 Characterizations 

  Hall-effect measurements were carried out using a Quantum Design physical 

properties measurement system (PPMS) in Hall bar and Van der Pauw geometries at 

different temperatures with various magnetic fields (1 – 10 T). And the room-temperature 

Hall-effect data were further cross-checked using an Ecopia HMS-3000 Hall effect 

measurement system in Van der Pauw geometry at 1 T magnetic field. X-ray diffraction 
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(XRD) measurements were performed using a Brucker advanced D8 X-ray diffractometer 

with Cu Kα radiation (λ = 1.5406 Å). The acceleration voltage and current were 40 kV 

and 40 mA, respectively. All measurements were performed using a parallel plate detector. 

θ-2θ scans were recorded to determine the crystalline orientation of the films. Another 

mode of grazing incidence (GI) geometry was used for θ-2θ scans in order to access 

specific out of plane reflection. X-ray photoelectron spectroscopy (XPS) was carried out 

by a Thermo VG250 spectrometer fitted with a monochromatic Al Kα X-ray source (1487 

eV). Photoluminescence (PL) measurements were carried out using a home-built PL 

system. The 325-nm wavelength He-Cd laser was used as an excitation source and a 

photomultiplier tube was used to detect the PL signals. The resolution of the PL system 

was 0.15 nm, which is ~1.5 meV in the ultraviolet emission region. The temperature 

control from 9 K to 300 K in the PL system was achieved using a Janis Cryostat and a He 

compressor. Various excitation powers were achieved by filtering the emitting laser. 

Scanning electron microscopy (SEM) meausrements were performed using a Leo SUPRA 

55 SEM/E-beam lithography system with resolutions from 4nm at 1kV to 1nm at 15kV, 

and magnification from 12 to 900,000 times, respectively. 

 

4.3. Results and discussions 

  Two parts are presented in this section. In the first part, the characterizations and 
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properties of typical p-type ZnO thin films, such as XRD, XPS, PL, and Hall effect, are 

shown and discussed. In the second part, the Sb doping mechanism and preference are 

discussed. 

 

4.3.1 Typical characterizations and properties of p-type ZnO:Sb thin films 

4.3.1.1 X-ray diffraction (XRD) 

  The crystal structures of ZnO:Sb thin films were studied by XRD measurements 

in θ-2θ and GI scans. Fig. 4.1(a) and (b) show the θ-2θ XRD patterns of a typical ZnO:Sb 

sample A grown on Si (100) substrate and a typical ZnO:Sb sample B grown on Si (111) 

substrate, respectively. The growth orientations of ZnO:Sb thin films were identified as 

c-direction. It is found that both films in Figs. 4.1 (a) and (b) show strong (0002) peaks at 

34.415° of samples A and 34.558° of sample B, corresponding to a preferential growth 

orientation along c-axis. GI x-ray diffraction was conducted to determine the in plane 

surface structures. Fig. 4.1(c) and (d) show the GI XRD patterns of ZnO:Sb sample A and 

ZnO:Sb sample B, respectively. Both \ samples show multi-peaks as shown in Figs. 4.1(c) 

and (d) including the ZnO )0110(  and ZnO )0211(  peaks, which confirms the 

polygrain along c axis growth mode. Based on the XRD and GIXRD peak position, 

length of lattice constant c and a can be calculated by Bragg’s equation. For samples A 

and sample B, the lattice constants c are 5.210 Å and 5.189 Å, and a are 3.239 Å and 
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3.248 Å, respectively. In comparison to a fully relaxed ZnO film with c=5.2042–5.2075 

Å, and a=3.2475-3.2501 Å.29  

 

 

 

 

 

 

 

 

 

 

 

FIG. 4.1.  Room temperature XRD patterns of (a) a typical p-type ZnO:Sb thin film 
sample A grown on Si (100) substrate and (b) a typical p-type ZnO:Sb thin film sample B 
grown on Si (111) substrate in θ-2θ geometry. Grazing incidence XRD patterns of (c) 
ZnO:Sb sample A and (d) ZnO:Sb sample B. (Courtesy to Sheng Chu.) 
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surface but the sample B is almost relaxed. Yuk et al observed an increase of distance 

between the (0001) planes of ZnO on Si (001),30 suggesting a nonuniform strain 

distribution along the growth direction. Under this analysis, we can make the 

interpretation more clear: the layers near the interface between ZnO and Si are strongly 

strained by the ultra large lattice mismatch, where the a plane is highly compressed and 

so there is tensile strain along c axis. During growth the strain is gradually reduced by the 

formation of defect, and in sample B on Si (111) thin film is nearly fully relaxed. The 

surface of sample A on Si (100) could also be partially strained, although there is still 

compress strain in a plane from GIXRD results, indicating sample A has a stronger 

overall strain compared to sample B. This can be explained by the smaller ratio of lattice 

mismatch on Si (111) than Si (100) and more favorable with ZnO lattice structure, since 

the Si (111) surface is hexagonal and with a smaller lattice constant of 3.840 Å compared 

to cubic Si (100), and larger lattice constant of 5.431 Å. 
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4.3.1.2 X-ray photoelectron spectroscopy (XPS) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIG. 4.2  Room temperature XPS spectra for the (a) ZnO:Sb sample A, (b) ZnO:Sb 
sample B, and (c) undoped ZnO thin film sample U. The inset in (c) shows the XPS 
spectra of sample U in a wider scanning range. (Courtesy to Sheng Chu.) 
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  XPS measurements were performed on the ZnO:Sb thin films to investigate the 

chemical bonding of Sb in ZnO. Figs. 4.2(a) and (b) show the XPS spectra ZnO:Sb thin 

film samples A and B, respectively. Fig. 4.2(c) shows the XPS spectra of an undoped 

ZnO sample U for comparison with an inset showing a larger scanning range. The peaks 

around 530.2 eV in both ZnO:Sb and undoped ZnO samples can be assigned to O2- in the 

Zn-O bonds, and the small peak in the higher energy shoulder is attributed to 

chemisorbed oxygen.31 Absent from the XPS spectra of the undoped ZnO [Fig. 4.2(c)], 

the ZnO:Sb shows Sb-related peaks at 539.8 eV in sample A and 539.6 eV in sample B. 

The appearance of this peak indicates that Sb dopants were incorporated into the ZnO 

film. In addition, by integrating the peak intensities, the Sb percentage of about 1.45 at% 

and 2.74 at% were obtained for sample A and B, respectively.  

 

4.3.1.3 Photoluminescence (PL) 

  Fig. 4.3(a) and (b) show the temperature-dependent PL spectra of ZnO:Sb 

sample A and B from 8.5 to 300 K. Sb-related peaks appearing at 3.358-3.359 eV, 

3.222-3.223 eV and 3.03-3.07 eV dominate in the 8.5 K PL spectra, which were asigned 

as acceptor-bound exciton (AºX), donor-acceptor pair (DAP), and Zinc vacancy related 

peak, respectively. In addition, a peak at 3.296 eV assigned as free electron to acceptor 
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transition (FA) was observed in sample A as show in Fig. 4.3(a). With increasing 

temperature, this peak FA merges into the A0X. From our previous studies, Zn 

vacancy-related emission at ~3.0 eV indicates that Sb doping into ZnO can introduce the 

formation of Zn vacancies. This peak is important for achieving p-type ZnO:Sb. 

 

 

 

 

 

 

 

 

 

 

 

 

FIG. 4.3  PL spectra of (a) ZnO:Sb sample A and (b) ZnO:Sb sample B at various 
temperatures ranging from 8.5 to 300 K. (Courtesy to Sheng Chu and Dr. Faxian Xiu.) 
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peak assignments. The 3.222 eV emission-lines are observed to blue-shift with the 

increase of temperature, which is typical behavior for a DAP transition. It is interesting to 

note that at higher temperatures the ~3.0 eV Zn vacancy related emissions show a large 

red-shift with relatively deeper energy levels, possibly indicating that these isolated Zn 

vacancies may not contribute to p-type conductivity unless they are bound to SbZn 

forming the SbZn-2VZn acceptor complex. 

 

4.3.1.4 Hall effect measurements 

  Fig. 4.4(a) shows the temperature-dependent hole carrier concentration (pH) of 

p-type ZnO:Sb thin film sample A. The inset of Fig. 4.4(a) shows the magnetic field 

dependent Hall resistance (RHall=VHall/Ix) at a temperature of 300 K; the positive slope of 

the Hall coefficient (also the Hall resistance) indicates p-type conduction. The 

temperature range in Fig. 4.4(a) is only the extrinsic region. Fig. 4.4(b) shows the Hall 

mobility µH as a function of temperature. A value of 20.0 cm2/V s and 1900.0 cm2/V s 

were measured at 300 K and 40 K, respectively. This high mobility value could be 

relevant to the Si substrate. Over this temperature range, µH ~ T -3/2, indicating phonon 

scattering dominates at these temperatures. The inset of Fig. 4.4(b) shows the electrical 

resistivity as a function of temperature. 
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FIG. 4.4 (a) Temperature dependence of the hole concentration of ZnO:Sb sample A. The 
inset shows the Hall resistance as a function of applied magnetic field at T = 300 K. (b) 
Temperature dependence of the Hall mobility of ZnO:Sb sample A. The inset shows the 
temperature dependence of electrical resistivity. (Courtesy to Dr. Faxian Xiu.) 
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4.3.2.1 Sb doping mechanism in ZnO 
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formation energy in ZnO under O-rich condition based on density function theory. The 

slope of the curves reflects the charge state of the defects and the solid dots denote the 

energy positions at which transition from one charge state to another takes place. The 

first-principle calculations show that SbO have very high acceptor-ionization energies, 

and it is not possible for SbO to efficiently dope ZnO to p-type.15 Instead, Sb goes the Zn 

and simultaneously induce two Zn vacancies to form a complex (SbZn–2VZn). This 

complex has a low acceptor-ionization energy of 160 meV to serve as a shallow acceptor 

to provide p-type conductivity.15 Formation energy as the function of Fermi energy of this 

complex and other native defects calculated under the oxygen-rich limit ( 0Oμ = ) was 

shown in Fig. 4.5. The acceptor complex SbZn–2VZn has the lowest formation energy 

( 0)fH qΔ = =2.0 eV among all Sb related complexes. 

 

 

 

 

 

 

 
FIG. 4.5  Calculated Sb- and O-related defect formation energy in ZnO under O-rich 
condition. The slope of the curves reflects the charge state of the defects and the solid 
dots denote the energy positions at which transition from one charge state to another 
takes place. (Courtesy to Porf. Sukit Limpijumnong.) 
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4.3.2.2 Sb doping preference in ZnO 

 

Table 4.1 The Carrier type and concentration of ZnO:Sb samples grown on different 
substrates. 

 

Sample Substrate Type Carrier Concentration (cm-3) 

A Si (100) p 1.7 × 1018 

B Si (111) p 7.7 × 1018 

C Si (100) p 1.1 × 1019 

D Si (111) p 1.0 × 1016 

E SiO2 n 1.8 × 1019 

F r-sapphire n 1.4 × 1018 

G c-sapphire not reliable, changes with time passing by 

 

  Fig. 4.6 (a)-(b) and Fig. 4.7(a)-(c) show SEM images of ZnO:Sb thin films 

grown on different substrates. Fig. 4.6 (a)-(b) show the SEM images of ZnO:Sb thin film 

sample C grown on Si (100) substrate and ZnO:Sb thin film sample D grown on Si (111), 

respectively. Fig. 4.7(a)-(c) show the SEM images of ZnO:Sb thin film sample E grown 

on SiO2 substrate, (b) ZnO:Sb thin film sample F grown on r-plane sapphire substrate, 
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and (c) ZnO:Sb thin film sample G grown on c-plane sapphire substrate. The substrate, 

carrier type, and concentration in these ZnO:Sb thin film samples were summarized in 

Table 4.1. I want to emphasize that a bunch of ZnO:Sb thin films grown on different 

substrates have been studied and characterized, here only one typical sample from each 

kind of substrates is shown for discussion.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
FIG. 4.6  SEM images of (a) ZnO:Sb thin film sample C grown on Si (100) substrate 
and (b) ZnO:Sb thin film sample D grown on Si (111). 

(a) C 

(b) D 
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FIG. 4.7  SEM images of (a) ZnO:Sb thin film sample E grown on SiO2 substrate, (b) 
ZnO:Sb thin film sample F grown on r-plane sapphire substrate, and (c) ZnO:Sb thin film 

(b) F 

(a) E 

(c) G 
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sample G grown on c-plane sapphire substrate. 

 

  It is observed that the ZnO:Sb thin films grown on either Si (100) or Si (111) 

substrates show a closely-packed nano-columnar structures [Fig. 4.6(a) and (b)], where 

reliable p-type can be achieved. Furthermore, dominate UV NBE EL emissions27 and 

random lasing effect28 have also been observed in p-type ZnO:Sb thin film samples with 

these closely-packed nano-columnar structures. When ZnO:Sb thin film is grown on SiO2 

substrates, the ZnO:Sb thin films shown extremely polycrystalline behavior [Fig. 4.7(a)]. 

Only n-type films can be achieved based on studies of many samples. This is reasonable 

because the undoped ZnO grown on SiO2 substrate generally shows a background 

electron carrier concentration above 1019 cm-3, which is too high for any kind of external 

introduced acceptor to overcome. On the contrary, when ZnO:Sb thin film is grown on 

r-sapphire substrates, relatively smooth continuous films are achieved, but, again no 

p-type films have been achieved based on extensive studies. When the ZnO:Sb thin film 

is grown on c-sapphire, the film morphology is in between Si and r-sapphire. Accordingly, 

the doping behavior is also in between Si and r-sapphire. p-type behavior was once 

achieved in the as-grown ZnO:Sb thin films on c-sapphire for a short while. However, 

after some time, this ZnO:Sb thin film converted from p-type to n-type. Fig. 4.8(a)-(d) 

shows the time-evolution of the carrier type and concentration in ZnO:Sb thin film 

sample G grown on c-plane. Initially, it was p-type with a hole concentration of 1.5 × 
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1017 cm-3[Fig. 4.8(a)]. After one month passed, it changed to n-type with an electron 

concentration of 5.8 × 1016 cm-3 [Fig. 4.8(b)]. With time passing by, the electron 

concentration kept increasing as shown in Fig. 4.8(c) and (d), until it reached near 

saturation. 

 

 

 

 

 

 

 

 

 

 

 

 

FIG. 4.8  Time-evolution of the carrier type and concentrations in ZnO:Sb sample G. 
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(such as closed-packed nano-columns morphology for ZnO:Sb grown on Si),   than 

ZnO:Sb films This is possibly because VZn-related acceptor complex is more easily 

interfacially forming at grain boundaries (such as the side walls of the nano-columns) in 

ZnO.32 The morphology with large surface areas from grain boundaries facilitate the 

p-type doping in ZnO samples. It is hard for strictly two-dimensional film to provide 

enough grain boundary surfaces to form interfacial VZn-related acceptor complex. 

ZnO:Sb materials with closely-packed nanocolumns morphology is promising for p-type. 

This is not only supported by materials studies (e. g. Hall effect measurements), but also 

by the recently demonstrated room-temperature UV-emission-dominated LED27 and 

random lasing devices28, which have the closely-packed nano-columnar ZnO:Sb layers as 

incorporated.  

 

4.4 Summary 

  Structural, optical properties, and doping mechanism of Sb doped p-type ZnO on 

Si (100) and Si (111) were comprehensively studied. Crystallinity and strain in both c and 

a plane were studied by XRD θ-2θ scan and in-plane GI XRD. XPS measurements show 

that Sb dopants were incorporated into the p-type ZnO films with a positive charge, 

implying that Sb substitutes for Zn and bonds with O. Various-temperature PL 

measurements reveal that heavy Sb doping can trigger the formation of Zn vacancies, 



74 

raising a broad emission around ~3.0 eV. Combing with the theoretical calculation, which 

suggest that the SbZn-2VZn is a shallow acceptor and with low formation energy under 

oxygen rich condition, although SbZn itself is a donor in ZnO, the formation of a SbZn and 

VZn complex is believed to be the origin of shallow acceptors in this system. It is found 

that the possibility of achieving p-type ZnO:Sb is also closely related to the thin film 

morphology. ZnO:Sb grown on Si substrates with closely-packed nano-columnar 

structures facilitates the achievement of reliable p-type doing, because VZn-related 

acceptor complex is more easily forming interfacially at grain boundaries in ZnO and the 

morphology with large grain boundary surface areas, such as the side walls of the 

nano-columns, facilitates the p-type doping in ZnO samples. 
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5. Chapter 5  Cobalt Doping in Zinc Oxide 

 

5.1 Introduction 

5.1.1 Diluted magnetic semiconductors 

Diluted magnetic semiconductor (DMS)1 materials have been widely studied 

because of their potential applications in spintronics.2-7 In the last two decades, rapid and 

outstanding progress was achieved in several group II-VI and III-V DMS materials, such 

as Mn-doped ZnSe,1, 3 GaAs,2, 4 and InAs.5-6 The origin and mechanism of 

ferromagnetism in these DMS materials have been well studied and are believed to be 

free-carrier mediated exchange between magnetic ions. However, the Curie temperatures 

(Tc) of these DMS materials are all far below the room temperature, which hinders their 

applications in commercial products. 

 

5.1.2 Zinc oxide diluted magnetic semiconductors 

In recent years, magnetically doped ZnO has emerged as a possible DMS 

material,8-9 because theoretical calculations have predicted an above room-temperature 

Tc.10-11 However, experimental results on ZnO-based materials are still controversial.8, 

12-25 In addition to ferromagnetism,12-20 non-ferromagnetic states,21-25 such as spin-glass,21 

antiferromagnetism,22 and paramagnetism,23 have also been reported. Furthermore, the 

origin of the ferromagnetism in ZnO-based DMS materials is still controversial, unlike 
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the DMS materials mentioned above such as GaAs:Mn. Some researchers reported 

clustering or secondary phase formation as the origin of the ferromagnetism (i.e. an 

extrinsic mechanism),26-28 while others concluded that an intrinsic carrier-mediated 

mechanism was responsible for the ferromagnetism.29-31 In order to experimentally 

investigate and prove the presence of intrinsic carrier- mediated ferromagnetism in ZnO, 

some advanced experiments have been recently designed. For example, studies on ZnO 

codoped with a transition metal and either a donor or acceptor dopant, such as Zn 

interstitials,32-35 Al,36-39 and Ga40 for n-type conduction and N,41-44 P,45-46 and As 47-48 for 

p-type conduction, have been pursued to check the role of the free carriers in the 

ferromagnetism in ZnO-based DMS materials. Furthermore, electrical transport and 

optical probes beyond the more common techniques for studying magnetism (e.g., bulk 

magnetization), such as anomalous Hall effect (AHE)49-53 and magnetic circular 

dichroism,7 were performed on ZnO-based DMS materials to help distinguish between 

intrinsic and extrinsic mechanisms of ferromagnetism. In this chaper, we report results on 

the free electron carrier concentration dependence of the magnetization, AHE, 

magnetoresistance, magnetic anisotropy, and transmission electron microscopy (TEM) 

studies on ZnO:Co thin films. These experimental data provide strong evidence in 

support of intrinsic carrier-mediated ferromagnetism in ZnO DMS materials. 
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5.2 Experiment 

5.2.1 Sample preparation 

5.2.1.1 Epitaxy growth 

The ZnO and ZnO:Ga thin films were grown on r-cut sapphire substrates using 

plasma-assisted molecular-beam epitaxy (MBE). Regular effusion cells filled with 

elemental Zn (6N) and Ga (6N) were used as zinc and gallium sources. Radiofrequency 

plasma supplied with O2 (5N) was used as the oxygen source. The electron carrier 

concentration of the ZnO:Ga thin films was tuned by the amount of Ga incorporation, 

which was controlled by the Ga effusion cell temperature. The substrate temperature was 

kept at 565 ˚C during the growth. After growth, the samples were annealed in situ in 

vacuum at 800 ˚C for 20 min to activate the Ga dopants and improve crystallinity. The 

electron carrier concentration values of these ZnO and ZnO:Ga samples are shown in 

Table 5.1 as “before implantation” carrier concentration n0. More detailed growth 

procedures can be found elsewhere.54 
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Table 5.1  Electron carrier concentration before and after implantation and the 
saturated magnetization of ZnO:Co thin film samples. The data were taken at room 
temperature. 

 

Sample 
No. 

Electron concentration 
before implantation 

n0 
(cm-3) 

Electron concentration 
after implantation 

n 
(1019 cm-3) 

Saturated 
Magnetization 

MS 
(μB per Co ion) 

A 1.2 × 1020 8.3 × 1019 4.6 

B 3.4 × 1019 3.6 × 1019 4.1 

C 8.4 × 1018 4.0 × 1018 1.4 

D 3.5 × 1018 1.3 × 1018 0.3 

E 4.7 × 1019 2.8 × 1019 4.1 

Note: μB stands for the Bohr magneton. 

 

5.2.1.2 Ion implantation 

The Co ions were implanted into as-grown ZnO and ZnO:Ga thin films with a 

dose of 3×1016 cm-2 and an implantation energy of 50 keV. The total amount of Co ions 

implanted in each ZnO film was calculated by the dose and area of the sample. All 

Co-implanted ZnO samples were annealed at 900 ˚C for 5 min in nitrogen after 

implantation to activate the implanted Co ions and recover the crystallinity. (In the 

context of this chapter, both ZnO and ZnO:Ga thin films are referred to ZnO samples for 
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convenience, since Ga doping is only used to tune the electron carrier concentration of 

the ZnO thin films, and ZnO: Co represent samples implanted with Co ions and annealed 

using the above mentioned procedure. All the experiments, such as magnetic and 

transport properties measurements, were performed on the annealed samples.) The 

electron carrier concentrations of the ZnO:Co samples were shown in Table 5.1 as “after 

implantation” carrier concentration n. 

 

 

FIG. 5.1  SIMS spectra for (a) the as-grown ZnO thin film, (b) the ZnO:Co thin film 
after Co ion implantation, but before annealing, and (c) the ZnO:Co thin film after 
annealing at 900 ˚C for 5 minutes (sample A). The magnetic measurements were all 
performed on the annealed samples. 

 

Figure 5.1 shows secondary ion mass spectroscopy (SIMS) spectra of (a) the ZnO 
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thin film before Co ion implantation, (b) the ZnO:Co thin film immediately after the 

implantation but before annealing, and (c) the ZnO:Co thin film after implantation and 

annealing at 900 ˚C for 5 min. As shown in Fig. 5.1(a), the Zn and Ga distributions are 

fairly uniform throughout the depth of the ZnO film. After Co implantation, the 

implanted Co ion concentration follows a Gaussian distribution with a peak near the 

surface of the ZnO:Co thin film as shown in Fig. 5.1(b). The fact that the Gaussian peak 

is near the surface is an intentional result of a low implantation energy intended to 

prevent a significant amount of Co ions from reaching the sapphire substrate. After 

annealing at 900 ˚C for 5 min, the Co ions redistribute to a relatively uniform profile 

along the depth of the ZnO:Co film as shown in Fig. 5.1(c). Ga atoms are piling near the 

ZnO/sapphire interface shown in Fig.1(c), which is possibly due to the migration of the 

Ga atoms after high temperature annealing. Although most of the Co ions are in the ZnO 

film layer, a tiny amount of residual Co ions may have reached the sapphire substrate 

region for both unannealed and annealed samples; however, their concentrations are more 

than one order of magnitude smaller than the Co ion concentrations in the ZnO films. 

Any magnetic contribution from the substrates was removed from the magnetization data 

with the following procedure. We first measured the ZnO:Co thin film on the sapphire 

substrate. Then we completely etched away the ZnO:Co layer using diluted hydrochloric 

acid and measured just the sapphire substrate. The magnetic response of the ZnO:Co thin 
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films was obtained by subtracting the two data sets. The magnetization data of the 

ZnO:Co thin films discussed in this paper were all followed this procedure. 

 

5.2.2 Characterizations 

TEM studies were carried out on a JEOL JEM 3011 high resolution electron 

microscope operated at 300 kV, with a point-to-point resolution of 0.17 nm. 

Cross-sectional TEM specimens were prepared via mechanical grinding, polishing, and 

dimpling, followed by argon ion milling in a Gatan Model 691 Precision Ion Polishing 

System at incident angles between 4 and 5.5° to electron transparency. X-ray diffraction 

(XRD) measurements were performed using a Bruker D8 Advance x-ray diffractometer. 

Magnetic properties were measured with a Quantum Design MPMS-XL superconducting 

quantum interference device (SQUID) magnetometer using an in-plane geometry 

(magnetic field parallel to the film) on all samples unless specified differently. 

Magnetoresistance and field-dependent Hall effect measurements were performed with 

Hall bar geometry using a Quantum Design PPMS equipment. The magnetic field was 

perpendicular to the film plane of the samples in the magnetoresistance measurements. In 

addition to field-dependent Hall effect measurements, the ordinary Hall effect 

measurements were also carried out separately with Van der Pauw geometry using an 

Ecopia HMS-3000 room-temperature Hall effect system at constant magnetic field of 1 T 
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to get the electron carrier concentration of the samples. SIMS measurements were 

performed using a PHI ADEPT-1010 Dynamic SIMS system. 

 

5.3 Results and discussions 

5.3.1 Structural properties 

Figure 5.2(a) shows a cross-sectional TEM image of a typical ZnO:Co thin film 

on an r-cut sapphire substrate (sample A). The TEM image shows a relatively low 

dislocation density, indicating a high quality film.  

 

 
FIG. 5.2  (a) Cross-sectional TEM image of a ZnO:Co thin film on a sapphire 
substrate (sample A). SAED patterns of (b) ZnO:Co thin film and (c) sapphire substrate, 
taken from the areas indicated by the dotted circles. 
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Selected area electron diffraction (SAED) patterns from the areas indicated by the 

dotted circles in Fig. 5.2(a) are shown in Fig. 5.2(b) for the ZnO:Co thin film and in Fig. 

5.2(c) for the sapphire substrate. Similar SAED patterns were observed from various 

different positions along the film. These diffraction patterns are symmetric and uniform, 

indicating the absence of clustering and secondary phase formation. 

 

 

FIG. 5.3.  (a) Cross-sectional HRTEM image of the interface between the ZnO:Co thin 
film and the sapphire substrate in sample A, showing an atomically sharp interface. (b) 
HRTEM image of the ZnO:Co thin film (sample A). The film has high crystallinity with 
no observable secondary phase. 
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Figures 5.3(a) and 5.3(b) show typical high resolution TEM (HRTEM) images of 

the film/substrate interface and the film itself, respectively. The zone axes of the film and 

the substrate is approximately 3˚ apart from each other, indicating a slight twist between 

the film and the substrate. The crystallographic alignment of the ZnO:Co layer with the 

sapphire substrate at the interface is good. HRTEM studies indicate that the film is of 

high crystallinity, and no clustering or secondary phases were observed; however, a small 

number of stacking faults were observed. 

 

 

FIG. 5.4.  XRD spectra of (a) ZnO and (b) ZnO:Co thin films (sample A). Both the 
ZnO and ZnO:Co thin films show high crystallinity with no impurity phases within the 
detection limit of the system. 

 

Figures 5.4(a) and 5.4(b) show XRD patterns of typical ZnO and ZnO:Co thin 

films (sample A). The only ZnO (11 2 0) peak, which was observed at approximately 

56.8˚, did not show any significant change after Co-implantation, indicating the 
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Co-implantation did not significantly degrade the sample’s crystallinity. Furthermore, no 

Co-related impurity phase or compound peaks were detected in the XRD pattern in Fig. 

5.4(b) within the detection limit of the system. 

 

5.3.2 Magnetic properties 

Figure 5.5(a) shows the magnetic field dependence of the magnetization (M-H) of 

a ZnO:Co thin film (sample A) at a temperature of 300 K. The M-H curve measured at 10 

K is shown in the inset. The saturated magnetization MS value is approximately 4.6 μB per 

Co ion, which is larger than most of previously reported values, 31-32, 37, 39, 41, 55-57 but it is 

smaller than the giant magnetic moments observed in ZnO:Co (6.1 and 18.9 μB per 

Co)58-59 and SnO2:Co thin films (7.5±0.5 μB per Co).60 For metallic Co, the saturated 

magnetization is around 1.7 μB per Co, a consequence of band ferromagnetism. The value 

we measured for this ZnO:Co thin film is midway between that calculated for isolated 

divalent Co ions with full angular momentum (i.e., gJ=6μB) and that calculated with the 

orbital angular momentum quenched (i.e., 2S=3μB), suggesting that the ferromagnetism 

of the samples is not from the metallic Co clusters. This is consistent with the HRTEM 

analyses and XRD data.  

 

 



90 

 

FIG. 5.5.  (a) The magnetic field dependence of the magnetization for a ZnO:Co thin 
film (sample A) measured at 300 K and 10 K (inset). (b) The temperature dependence of 
the saturated magnetization, from 2 to 800 K measured with an applied field of 0.2 T. A 
high-temperature extrapolation of the data indicates that the Curie temperature is around 
950 K. The inst shows the field dependence of the magnetization of this sample measured 
at 700K. 

 

The temperature dependence of the magnetization, measured with a magnetic 

field of 0.2 T, of the ZnO:Co thin film (sample A) is shown in Fig. 5.5(b). The standard 
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sample insert was used to measure the magnetization from 2 K to 350 K, while an oven 

insert with a brass sample holder was used for the measurements from 300 K to 800 K. A 

more restricted sample enclosure resulted in noisier data at high temperature. The Curie 

temperature is above the upper-temperature limit of the system (800 K). Using the 

approximate relation 2/1
0 )( TTMM C −= , the data were extrapolated to obtain an 

estimate for the Curie temperature of ~950 K. The field dependence of the magnetization 

of this sample measured at 700 K is shown in the inset of Fig. 5.5(b). 

 

Table 5.2  The resistivity ρxx, ordinary Hall coefficient R0, anomalous Hall 
coefficient RS, electron carrier concentration n, and the ratio ρAHE/ρxx for ZnO:Co thin 
film sample E. Data were measured at the temperatures of 10 K, 50 K, and 300 K. 

 

T 
(K) 

ρxx 
(10-3 Ω cm) 

R0 
(10-5 Ω cm T-1) 

RS 
(10-4 Ω cm T-1) 

n 
(1019 cm-3) 

ρAHE/ρxx 
(10-5) 

10 8.62 -2.40 6.3 ± 0.6 2.6 17 ± 2 

50 8.49 -2.35 3.4 ± 0.1 2.7 9.2 ± 0.2 

300 8.33 -2.26 1.5 ± 0.1 2.8 4.1 ± 0.2 
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FIG. 5.6.  (a) The magnetic field dependence of the magnetization for ZnO:Co thin 
film samples B, C, and D measured at a temperature of 300 K. (b) The dependence of the 
saturated magnetization MS on electron carrier concentration n in ZnO:Co thin film 
samples. A polynomial fitting to the data is indicated with the dashed line. 
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dependence of magnetization. Figure 5.6(a) shows the ferromagnetic hysteresis loops for 

ZnO:Co thin films B, C, and D measured at 300 K. The saturated magnetization of 

sample B (4.1 μB per Co) is slightly smaller than sample A (4.6 μB per Co) in Figure 

5.5(a). However, when the electron carrier concentration decreases below ~1019 cm-3 as 

in samples C and D, the saturated magnetizations drop dramatically to 1.4 and 0.3 μB per 

Co, respectively. The carrier concentrations, measured both before and after Co ion 

implantation, and the saturated magnetization are listed in Table 5.1 for these ZnO:Co 

thin film samples. Figure 5.6(b) shows the experimental relation between the saturated 

magnetization (MS) and the free electron carrier concentration (n) measured after Co ion 

implantation in samples A-E. A polynomial fit (dashed line) to the experimental data 

(open circles) provides a guide to the eye, although the physical meaning behind this 

trend needs further clarification. 

Figure 5.7 shows the anisotropic magnetization for ZnO:Co thin film sample E. 

The out-of-plane (magnetic field perpendicular to the film plane) and in-plane (magnetic 

field parallel to the film plane) field dependences of the magnetization are shown with 

open and solid circles in Fig. 5.7, respectively. The out-of-plane curve shows a weaker 

magnetization before saturation than the in-plane geometry. The ZnO thin films were 

epitaxially grown on r-cut sapphire substrates with the growth direction along the [ 0211 ] 

direction as indicated by the XRD pattern (Fig. 5.4b). This result indicates that the easy 
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magnetization axis is in the plane of the film, which is consistent with similar magnetic 

anisotropy experiments on ZnO:Co thin films reported by other groups.57 Magnetic 

anisotropy is further evidence for an intrinsic nature of the ferromagnetism in ZnO:Co 

DMS thin films56-57 since the cluster-related ferromagnetism is generally isotropic. 

 

 

FIG. 5.7.  Magnetic anisotropy of a ZnO:Co thin film (sample E) measured at a 
temperature of 300 K. The in-plane field dependence of the magnetization (solid circles) 
are stronger than out-of-plane magnetization (open circles). 

 

5.3.3 Transport properties 

Figure 5.8(a) shows the transverse magnetoresistance, MR=[R(H)-R(0)]/R(0), for 
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temperature dependent with a positive magnitude from 2 to 5 K and a negative magnitude 

above 20 K. Between 5 K and 20 K, the MR starts out negative and eventually swings 

positive at higher fields, reflecting competing contributions.  

 

 
FIG. 5.8.  (a) Transverse magnetoresistance, MR=[R(H)-R(0)]/R(0), of a ZnO:Co thin 
film (sample E) measured at different temperatures from 2 to 300 K. The applied 
magnetic field was perpendicular to the plane of the film. (b)-(e) The temperature 
dependence of the magnetoresistance at different magnetic fields of 8, 5, 2, and 1 T. 

-10 -5 0 5 10

-0.5

0.0

0.5

1.0

1.5 (a)

300K
50K

20K

10K

8K
5K

 

 μ0H (T)

M
R

 (%
)

Sample E 2K

0 50 100 150 200 250 300

-0.5

0.0

0.5

1.0

1.5

Sample E

(b)

 

 

M
R

 (%
)

T (K)

μ0H = 8 T

0 50 100 150 200 250 300

-0.5

0.0

0.5

1.0

1.5

 T (K)

Sample E

(c)

 M
R

 (%
)

 

μ0H = 5 T

0 50 100 150 200 250 300

-0.5

0.0

0.5

1.0

1.5

T (K)

Sample E

(d)

 

 

M
R

 (%
) μ0H = 2 T

0 50 100 150 200 250 300

-0.5

0.0

0.5

1.0

1.5

Sample E

(e)

 M
R

 (%
)

 

T (K)

μ0H = 1 T



96 

 

A positive MR is attributed to a giant spin splitting of band states caused by a sp-d 

exchange interaction in DMSs.61-63 A negative MR is from the third-order sp-d exchange 

Hamiltonian of the spin scattering,64-66 because the second-order theory breaks down at 

large magnetic fields.66 Figure 5.8(b)-(e) show the temperature dependence of the 

magnetoresistance at different magnetic fields of 8, 5, 2, and 1 T, respectively. 

Furthermore, the MR properties of our ZnO:Co thin films also show 

carrier-concentration-dependent behavior, in addition to a temperature dependence.67 We 

believe the temperature and free carrier concentration dependences of the 

magnetoresistance are also a sign of intrinsic carrier mediated ferromagnetism. 

Figure 5.9(a) shows the Hall resistance RHall as a function of magnetic field for 

ZnO:Co thin film sample E, measured at a temperature of 50 K. The Hall effect data, 

measured at 10 K and 300 K, are shown in Fig. 5.9(b) and 5.9(c). The Hall resistance is 

the sum of two contributions: the ordinary Hall effect (OHE) from the classical Lorenz 

force and the anomalous Hall effect (AHE) due to an asymmetric scattering in the 

presence of a magnetization. This is expressed by the equation, 

AHEOHE0
S

0
0

Hall )()( RRM
d
R

H
d
R

R +≡+= μμ   (5-1) 

where the ROHE and R0 are the ordinary Hall resistance and coefficient, RAHE and RS are 

the anomalous Hall resistance and coefficient, and d is the film thickness. H and M are 
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the magnetic field and the magnetization perpendicular to the film plane, and μ0 is the 

free space permeability, respectively.  

 

 

FIG. 5.9.  (a) The Hall resistance as a function of the applied magnetic field for a 
ZnO:Co thin film (sample E) measured at a temperature of 50 K. The inset shows the 
AHE data over an expended field range near the origin after the linear OHE contribution 
was subtracted. (b)-(c) The Hall resistance as a function of the applied magnetic field for 
the same ZnO:Co thin film sample measured at the temperatures of 10 K and 300 K. 
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on the carrier type and concentration, respectively. The non-linear component of the Hall 

resistance is from the AHE. After subtracting the linear background from OHE, the AHE 

component is shown in the inset in Fig. 5.9(a). A small amount of hysteresis is observed 

from the field dependence of M, though the size of the hysteresis loop seems to be larger 

than that found with magnetization measurements. So far very few AHE results have 

been reported in ZnO DMS materials, 49-53 and for all these reports, the AHE 

contributions in ZnO DMS are very small compared to other DMS materials, such as 

GaAs:Mn2 and GaAs:In.5-6 Most researcher consider the AHE to be a useful tool for 

demonstrating the intrinsic nature of ferromagnetic order.49,52 

The first term in Equation (5-1) dominates, but it is possible to determine RS by 

extrapolating high-field (>3T) RHall data, where M is saturated, back to the origin. The 

data for RHall, at positive and negative high fields, were each fit to straight lines. The 

slopes of these lines correspond to R0/d. The distance between the two intercepts on the 

vertical axis is 2RSμ0M/d. The ordinary Hall coefficient R0 and anomalous Hall 

coefficient RS, determined with this procedure, at 10 K, 50 K, and 300 K are listed in 

Table 5.2. The electron carrier concentration n of this sample at 10 K, 50 K, and 300 K 

were also listed in the table, which were derived from the Hall coefficient R0 and the 

relation n = −1/(eR0). The error bars on RS come primarily from the high-field 

extrapolation of data with some experimental noise. The error bars on R0 are orders of 
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magnitude smaller than the R0 values. So no error bar for R0 or n was included in Table 

5.2. To our knowledge, we are the first to report RS for ZnO-based DMS materials. Even 

though the AHE contribution to the Hall resistance is much smaller than the OHE 

contribution. RS for ZnO:Co is large in comparison to values for transition metal 

ferromagnets.68 The AHE is difficult to observe in ZnO:Co because the OHE contribution 

is increased by a small carrier concentration (comparing to metals and III-As:Mn DMS) 

and the AHE contribution is reduced from a small magnetization per unit volume.  

 

 

FIG. 5.10. Temperature-dependence of the resistivity of a ZnO:Co thin film (sample E). 
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dependence (with orders of magnitude) over the temperature range, because the ZnO:Co 

thin film is a degenerate semiconductor with this electron carrier concentration. The 

resistivity values of sample E at 10 K, 50 K, and 300 K are also listed in Table 5.2. In 

general, the anomalous Hall resistivity ρAHE has both a linear and quadratic dependence 

on the film resistivity ρxx as 

2
xxsjxxskAHE ρρφρ b+=    (5-2) 

The linear term is from skew scattering and the quadratic term originates from a side 

jump mechanism related to a material’s intrinsic properties. The anomalous Hall 

resistivity ρAHE is defined as S0AHE )( RMμρ =  from 

AHEOHES000HallHall )()( ρρμμρ +≡+=⋅= RMRHdR , an equivalent equation as 

Equation (5-1), where ρHall and ρOHE are Hall resistivity and ordinary Hall resistivity, 

respectively.  

Figure 5.11 shows ρAHE/ρxx versus ρxx, measured at three temperatures. From a 

linear fit to the data, φsk = −3.2 × 10-3 and bsj = 0.39 Ω-1cm-1. The physical meaning of φsk 

is the skew scattering angle of a material in radian unit. The negative sign and milliradian 

magnitude of φsk are common for intrinsic ferromagnetic materials, such as most of the 

transition metal ferromagnets.69 The presence of a side-jump contribution further support 

an intrinsic origin for the ferromagnetism in ZnO:Co thin films. 
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FIG. 5.11. The ratio of the anomalous Hall resistivity ρAHE to the resistivity ρxx as a 
function of the resistivity ρxx. 
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magnetization axis parallel to the film plane. A strong temperature dependence and 

competition between positive and negative contributions were observed in 

magnetoresistance of the ZnO:Co thin films. Finally, an anomalous Hall effect was 

observed and analyzed in the ZnO:Co thin films, consistent with long-range 

ferromagnetism. The anomalous Hall coefficient and its dependence on longitudinal 

resistivity were analyzed. The presence of a side-jump contribution further supports an 

intrinsic origin for ferromagnetism in ZnO:Co thin films. These observations together 

with the magnetic anisotropy and magnetoresistance results, lend supports to an intrinsic 

carrier-mediated mechanism for the ferromagnetic exchange in ZnO:Co DMS materials. 
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6. Chapter 6  Manganese Doping in Zinc Oxide  

 

6.1 Introduction 

In recent years, ZnO-based diluted magnetic semiconductor (DMS) materials 

have been widely studied.1-19 Compared to other DMS materials, the ZnO-based DMS 

has a potential advantage for future device applications, which is its 

above-room-temperature Curie temperature (TC), according to Dietl’s calculations.20 

However, unlike GaAs:Mn21 and InAs:Mn22 DMSs, the mechanism and origin of the 

ferromagnetism in ZnO-based DMSs are still controversial and needs further clarification. 

Very recently, the focus of ZnO DMS research has shifted from achieving 

room-temperature ferromagnetism in ZnO to understanding the mechanism of 

ferromagnetism and whether it originates from intrinsic carrier mediation or extrinsic 

clustering/phase segregation. Recently, Yang et al observed ferromagnetism in n-type 

ZnO:Mn thin films with a TC above room-temperature, and the magnetization shows a 

monotonic dependence on the electron carrier concentration (n).19 These results are 

surprising because Mn-doped ZnO was theoretically predicted to be ferromagnetic only 

in a hole-rich environment.20,23 So additional characterizations and analyses, such as 

systematic microstructure and magnetotransport studies, were performed on ZnO:Mn 

DMS thin films, to further investigate and clarify the origin of the ferromagnetism. In this 

paper, results from transmission electron microscopy (TEM) studies, magnetoresistance, 
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and Hall effect on ZnO:Mn thin film samples are comprehensively discussed. 

 

6.1.1 Co-doped ZnO vs. Mn-doped ZnO 

The free carriers play an important role in DMS materials.20, 23-24 Based on the 

first principle calculations, the Co-doped ZnO will be ferromagnetic in an electron rich 

environment while the Mn-doped ZnO will be ferromagnetic in a hole rich 

environment.23 In the previous chapter, the properties of Co-doped ZnO have already 

been discussed. In this and next chapters, we report our recent results on the properties of 

n-type Mn-doped ZnO. 

 

6.1.2 Current status of Mn-doped ZnO study 

Many experimental studies have already been performed on the ZnO based DMS 

materials in recent years, including ZnO:Mn materials. However, the results are still very 

controversial, showing both ferromagnetism and non-ferromagnetic states in ZnO:Mn. 

Some researchers claimed that the observed ferromagnetism in ZnO:Mn is due to the 

incorporation of Zn into Mn oxides. Most recently, different groups reported 

hole-mediated ferromagnetism in p-type ZnO:Mn, by codoping Mn with an acceptor 

dopant, such as N, P, and As. This seems to be consistent with the theoretical predictions. 

However, ferromagnetism has also been observed in n-type ZnO:Mn. So the 
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circumstances under which ZnO:Mn can be ferromagnetic is still debatable. In this 

chapter, we report our experimental results on n-type ZnO:Mn thin films, showing strong 

evidence for electron concentration dependent magnetization, supporting an 

electron-mediated ferromagnetic exchange mechanism in ZnO:Mn. 

 

6.2 Experiment 

6.2.1 Sample preparations 

The ZnO:Ga thin films were grown on r-cut sapphire substrates using 

plasma-assisted molecular-beam epitaxy (MBE). Regular Knudsen effusion cells filled 

with elemental Zn (6N) and Ga (6N) were used as zinc and gallium sources. A 

radiofrequency plasma supplied with O2 (5N) was used as the oxygen source. The 

purpose of Ga incorporation is to tune the electron carrier concentration in ZnO.24 The 

substrate temperature was held constant at 565 °C during the growth. After the growth, 

the samples were annealed in situ in vacuum at 800 °C for 20 minutes to activate the Ga 

dopants and improve crystallinity. The Mn ions were implanted into MBE-grown ZnO 

thin films with electron carrier concentrations ranging from 3.5×1018 to 1.2×1020 cm-3 (as 

shown in Table 6.1) with a dose of 3×1016 cm-2 using an implantation energy of 50 keV. 

All the Mn-implanted ZnO samples were annealed at 900 °C for 5 min in nitrogen after 

implantation. Typical Mn-implanted ZnO:Ga thin film samples (these samples are 
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referred to as ZnO:Mn in the paper) were used in the microstructure and transport studies 

in this paper. 

 

7.1.1 Characterizations 

Room-temperature Hall effect measurements were carried out before and after 

implantation using an ECOPIA HMS-3000 Hall effect measurement system. It showed 

negligible changes in the electron carrier concentration after Mn implantation. X-ray 

diffraction (XRD) measurements were performed to check the crystallinity of the ZnO 

thin films using a Bruker D8 Advance x-ray diffractometer. Secondary ion mass 

spectroscopy (SIMS) measurements were performed to characterize the Mn ion profile 

along the depth of the ZnO films using a PHI ADEPT-1010 Dynamic SIMS system. The 

magnetic properties were measured with a Quantum Design MPMS-XL SQUID 

magnetometer using an in-plane geometry (magnetic field parallel to the film) on all 

samples, unless specified differently. 

Transmission electron microscope analysis, including selected area electron 

diffraction (SAED), high-angle annular dark field (HAADF) (Z-contrast) images, and 

x-ray energy dispersive spectroscopy (EDS) were performed using a JEOL 2010F 

analytical electron microscope equipped with a field emission gun. Further TEM studies, 

including SAED and EDS, as well as high-resolution TEM (HRTEM) studies, were also 
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carried out using a JEOL JEM-3011 high resolution electron microscope operated at 300 

kV, with a 0.17 nm point-to-point resolution. Cross-sectional TEM specimens were 

prepared by mechanical grinding, polishing, and dimpling, followed by argon ion milling 

in a Gatan Model 691 Precision Ion Polishing System at incident angles between 4.0° and 

5.5° to electron transparency. Magnetoresistance and field-dependent Hall effect 

measurements were performed in a Quantum Design PPMS with magnetic fields up to 10 

T. The direction of the magnetic field was perpendicular to the film plane during the 

magnetoresistance measurements. 

 

6.3 Results and discussions 

6.3.1 Structural properties 

Figure 6.1 shows the XRD spectra for sample A before and after Mn 

implantation. Both the ZnO and the ZnO:Mn thin films show high crystallinity. Only the 

)0211(  peaks associated with the ZnO wurtzite structure were observed at 56.8º and 

56.7º in the ZnO and ZnO:Mn thin films, respectively.  
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FIG. 6.1  XRD spectra of (a) sample A before Mn implantation and (b) sample A after 
Mn implantation. The ZnO thin films show good crystallinity both before and after Mn 
implantation. 

FIG. 6.2  SIMS spectra of (a) sample A before Mn implantation, (b) sample A after 
Mn implantation, and (c) Mn-implanted sample A after annealing. The Zn and Ga 
concentrations are nearly uniform in the ZnO thin film before implantation. After 
implantation, Mn ions have a Gaussian distribution with the peak near the surface as seen 
in unannealed Mn-implanted ZnO sample. After annealing, the Mn ions redistribute to a 
relatively uniform profile throughout the depth of the film. A small percentage of the Mn 
ions penetrate the ZnO film reaching the sapphire substrates in both unannealed and 
annealed ZnO:Mn samples. The density of the residual Mn concentration in the substrate 
is more than one order of magnitude smaller than in the ZnO film layer. 
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Figure 6.2 shows the SIMS data for (a) the ZnO sample A, (b) the 

Mn-implanted ZnO sample A, and (c) the Mn-implanted ZnO sample A after annealing. 

As shown in Fig. 6.2(a), nearly uniform Zn and Ga concentrations are observed in the 

ZnO thin film before implantation. In the Mn-implanted sample in Fig. 6.2(b), the profile 

of the Mn concentration follows an approximate Gaussian distribution, which is a 

common implantation profile. The Gaussian peak is near the surface, which was 

intentionally designed using a relatively small implantation energy to prevent a large 

amount of Mn ions from reaching the sapphire substrate. The Mn ions redistribute to a 

comparatively uniform profile along the depth of the film after annealing at 900 ˚C for 5 

minutes as shown in Fig. 6.2(c). While a small amount of the Mn ions may reach the 

sapphire substrate, the density of residual Mn in the substrate is more than one order of 

magnitude smaller than the Mn in the ZnO film layer. To remove any possible 

contributions from the substrates to the magnetic measurements, we began by measuring 

the ZnO:Mn film on the sapphire substrate. Then we completely etched away the 

ZnO:Mn layer and measured just the sapphire substrate. The magnetic response of the 

ZnO:Mn films was obtained by subtracting the two data sets. 
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Figure 6.3(a) shows a typical cross-sectional TEM image of the ZnO:Mn thin film. 

The image reveals a relatively low dislocation density, indicating a high-quality film. To 

investigate the crystalline quality and uniformity of the ZnO:Mn thin film, SAED 

patterns were taken.  

 

 
FIG. 6.3.  (a) Cross-sectional TEM image of a ZnO:Mn thin film on a sapphire 
substrate. (b) A typical SAED pattern from the ZnO:Mn thin film, and (c) SAED pattern 
from the sapphire substrate. 

 

Figure 6.3(b) shows a typical SAED pattern of the ZnO:Mn thin film. SAED 

patterns were also taken at more different locations throughout the ZnO:Mn thin film (not 

shown here). All the SAED patterns are very similar to each other and lack of any 

unexpected diffraction spots, indicating a high degree of uniformity and no secondary 
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phases in the ZnO:Mn film. The SAED pattern of the sapphire substrate is shown in Fig. 

6.3(c) for comparison. 

 

 

FIG. 6.4.  (a) Cross-sectional HRTEM image of the interface between the ZnO:Mn 
thin film and the sapphire substrate, showing an atomically sharp interface. (b) HRTEM 
image of the ZnO:Mn thin film. The film appears to be highly crystalline with no 
secondary phase. 

 

HRTEM was performed throughout a wide area of the ZnO:Mn thin film and the 

film/substrate interface. Typical HRTEM images are shown in Fig. 6.4(a), Fig. 6.4(b), Fig. 

6.5(a), and Fig. 6.5(b), respectively. The zone axes of the film and the substrate are 
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approximately 4° apart from each other, indicating a slight twist between the film and the 

substrate, but otherwise crystallographic alignment of the ZnO:Mn layer and the sapphire 

substrate at the interface is good. HRTEM studies indicate also that the film is of high 

crystallinity and no clustering or secondary phase was observed, however, there are a 

small number of stacking faults visible. 

 

 

 

 

 

 

 

 

 

 

 

 

FIG. 6.5.  (a)-(b) Two HRTEM images taken from different places on the ZnO:Mn thin 
film. (c)-(f) The fast Fourier transform patterns corresponding to the square region 
marked with dotted lines in (a) and (b). 
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Figures 6.5(a) and (b) show the HRTEM images from two different areas of the 

ZnO:Mn thin film. Fast Fourier transform (FFT) patterns were taken on the dark and light 

areas to examine the uniformity of the film. Figures 6.5(c)-(f) show the FFT patterns 

from the areas indicated in Figs. 6.5(a)-(b). These four FFT patterns are nominally 

identical, corroborating the evidence from the SAED patterns in indicating that the same 

crystal structure is present in these areas and that the dark region are simply contrast 

variations arising from the stacking faults or the slight variations in specimen thickness. 

Conventional HRTEM is a very powerful technique for detecting any possible 

secondary phases. It is, however, limited by the relatively small region of material that is 

examined, compared to other techniques. Therefore, HAADF Z-contrast imaging was 

performed to further confirm our conclusion. 

 

 

 

 

 

 

 
FIG. 6.6.  (a)-(b) Two HAADF images of the ZnO:Mn thin film. 

 

(a) 

(b) 
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Figures 6.6(a) and (b) show typical HAADF Z-contrast images of the ZnO:Mn 

thin film. Because in HAADF Z-contrast imaging, contrast arises from the atomic 

number of the elements being probed, it is a powerful and popular technique for detecting 

and studying embedded nanoparticles or metal ion clusters in films,25-26 and little contrast 

arises from sample thickness variation.25 Larger atomic number element-related phases 

contribute to brighter contrast.26 The HAADF Z-contrast imaging also shows a much 

larger region than the HRTEM is able to. No Mn-related segregated phases are detected 

in all the HAADF images of the ZnO:Mn thin film. The previous conclusion that the film 

is free of clustering/phase segregation is confirmed by the HAADF Z-contrast studies. 

Dietl et al proposed a model27 to explain the origin of the ferromagnetism in 

transition-metal (TM) doped ZnO recently, which assigns the spontaneous magnetization 

of ZnO:TM to the uncompensated spins at the surface of antiferromagnetic TM-rich 

wurtzite (wz) ZnO:TM nanocrystals. These TM-rich wz ZnO:TM nanocrystals are 

immersed in a TM-poor paramagnetic ZnO:TM matrix. Since the nanocrystals are 

coherent with identical crystallographic structure and lattice constant to the surrounding 

ZnO:TM, they escape from the detection of standard HRXRD or HRTEM. HAADF 

Z-contrast images shown here are a good supplementary experimental proof, since it 

brings a better sensitivity and a larger possibility to detect the embedded “coherent” 

TM-rich ZnO:TM nanocrystals than HRTEM. Within the Z-contrast detection limit, no 
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evident signs of Mn-rich ZnO:Mn nanocrystals or Mn spinodal decomposition28 were 

observed in the ZnO:Mn film. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIG. 6.7.  (a) EDS spectrum of the ZnO:Mn thin film, showing Zn and Mn signals. 
The inset shows the electron microscopy image of the region where the EDS was taken. 
(b) XRD pattern of the ZnO:Mn thin film. The orientation of the ZnO:Mn thin film is 

along the [ 0211 ] direction. The inset shows that the full-width at half-maximum of the 

( 0211 ) peak located at 56.7˚ is ~0.29˚. 
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Figure 6.7 (a) shows an EDS spectrum from the ZnO:Mn thin film sample. The 

two strong peaks located at 8.65 and 9.59 keV are the signals from the Zn Kα and Kβ 

shells, respectively. Mn signals are observed at 5.89 and 6.42 keV, which are attributed to 

Mn Kα and Kβ shells, respectively. The inset in Fig. 6.7(a) shows the electron microscopy 

image of the region where the EDS measurements were performed. Figure 6.7(b) shows 

an XRD pattern for the ZnO:Mn thin film sample. The ZnO:Mn Wurtzite (11 2 0) peak 

was observed at 56.7˚, indicating that the growth direction (i. e. the out-of-plane direction) 

of the ZnO:Mn thin film is along the [11 2 0] direction. The inset shows the ZnO:Mn 

(11 2 0) peak has a full-width at half-maximum (FWHM) of ~0.29˚. 

 

6.3.2 Magnetic properties 

Figure 6.8 shows the magnetization as a function of the applied magnetic field 

at 300 K for ZnO:Mn (sample A), indicating ferromagnetic hysteresis. The saturated 

magnetization value is ~5.0 μB per Mn ion, which greatly exceeds the previously reported 

values for ZnO:Mn DMS materials, but it is smaller than the giant magnetic moment 

(~6.1μB per Co) observed for Zn0.96Co0.04O. The upper inset shows the magnetic field 

dependence of the magnetization on the same sample at 10 K with a slightly larger 

coercivity than that at 300 K. The bottom inset shows the temperature dependence of the 
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magnetization measured from 2 to 300 K. The magnetization is almost 

temperature-independent up to 300 K, indicating that the Curie temperature is well above 

room temperature. As we know, neither Mn metal nor any oxide of Mn is ferromagnetic 

(such as MnO, MnO2, and Mn2O3), except for Mn3O4, which has a Curie temperature 

around 45 K. Since the ZnO:Mn thin film has a much higher Curie temperature than 45 K, 

the possibility of ferromagnetism in our ZnO:Mn films originating from the segregated 

Mn, or Mn related oxides is excluded. 

 

 
FIG. 6.8 Magnetic field dependence of the magnetization for the Mn-implanted ZnO 
sample A measured at 300 K. The ferromagnetic hysteresis loop is clearly observed. The 
upper inset shows the magnetic field dependence of the magnetization on the same 
sample at 10 K. The bottom inset shows the temperature dependence of the magnetization 
measured from 2 to 300 K, indicating that the Curie temperature of this sample is well 
above 300 K. 
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Figure 6.9(a) shows ferromagnetic hysteresis loops for ZnO:Mn thin films with 

different electron concentrations, and in Fig. 6.9(b) the relationship between the saturated 

magnetization (MS) and the free electron carrier concentration (n) is plotted. ZnO:Mn 

samples A, B, C, and D with electron concentrations of 1.2×1020, 4.7×1019, 8.4×1018, and 

3.5×1018 cm-3, show 5.0, 4.5, 2.1, and 1.4 μB per Mn ion magnetization, respectively. 

These data are also summarized in Table 6.1, and they reveal a strong reduction of MS as 

the electron concentration decreases. Based on the theoretical calculations,23 the 

Mn-doped ZnO should be ferromagnetic with an excess of hole, however, all of our 

ZnO:Mn thin films are strongly n-type. We conclude that the ferromagnetic exchange 

inside these ZnO:Mn thin films is mediated by electrons from shallow donor impurities. 

 

Table 6.1  Electron carrier concentrations and the saturated magnetization for four 
different samples of ZnO thin films after Mn implantation. 
 

Sample 
Electron Carrier Concentration 

(cm-3) Saturated Magnetization (μB per Mn)

A 1.2 × 1020 5.0  

B 4.7 × 1019 4.5 

C 8.4 × 1018 2.1 

D 3.5 × 1018 1.4 

 

 



126 

 

FIG. 6.9.  (a) Magnetic field dependence of the magnetization for the Mn-implanted 
ZnO samples B, C, and D measured at 300 K. (b) The relation between the saturated 
magnetization MS and the electron carrier concentration (n). The MS of the samples show 
an electron concentration dependent behavior. 
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FIG. 6.10. Anisotropic magnetism for a ZnO:Mn thin film (sample B). The magnetic 
field dependence of the magnetizations for the out-of-plane (magnetic field perpendicular 
to the film) and in-plane (magnetic field parallel to the film) geometries are shown with 
the open and solid circles, respectively. The out-of-plane magnetization shows a smaller 
saturated magnetization but larger coercivity than in-plane magnetization. The inset 
shows the M-H curve measured over a larger magnetic field range of up to 12000 Oe. 

 

Figure 6.10 shows the out-of-plane (open circules) and in-plane (solid circules) 

magnetic field dependence for a ZnO:Mn thin film (sample B). The out-of-plane 

magnetization shows a smaller saturated magnetization but larger coercivity than in-plane 

magnetization. The inset shows the M-H curve measured over a larger magnetic field 

range. The magnetic anisotropy is a further proof of the intrinsic nature of the 

ferromagnetism in ZnO DMS materials, since cluster-related ferromagnetism is generally 

isotropic. The ZnO thin films were epitaxially grown on r-plane sapphire with the growth 
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direction along the a-direction [ )0211( ] as shown in the XRD spectra. The easy axis of 

the magnetization is in the plane while the hard axis of magnetization is parallel to the 

a-axis. Similar anisotropic results were also observed in ZnO:Co DMS materials. 

 

6.3.3 Transport properties 

Figure 6.11(a) shows the magnetoresistance (MR) spectra of the ZnO:Mn thin 

film sample at 5, 8, 10, 15, 20, 25, 30, 40, 50, and 100 K with magnetic fields up to 10 T. 

The magnetoresistance (MR) is defined as MR=[R(H)-R(0)]/R(0). Figures 6.11(b)-(d) 

show the temperature dependence of the MR measured with a magnetic field of 10, 6, 

and 2 T. The vertical distance between the two thin lines in every circle symbol represents 

the error bar for that data point. (The uncertainty is as small as can be comparable to the 

size of the symbols.)  
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FIG. 6.11. (a) Magnetoresistance (MR) of the ZnO:Mn thin film at different 
temperatures. (b)-(d) The temperature dependence of the MR from the ZnO:Mn thin film 
with applied magnetic field of 10 T, 6 T, and 2 T. The vertical distance between the two 
thin lines in every circle symbol represents the error bar for that data point. The magnetic 
field is perpendicular to the film plane for these measurements. 
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fields, it quickly increases, and for temperatures from 5 K to 10 K, the MR exceeds 15%. 

Eventually it decreases slightly at higher fields. The MR at 5 K with a field of 3.2 T, is 

16.6%. As the temperature is increased, the magnitude of the positive MR decreases. A 

small negative MR component shows up at 50 K, though the MR turns positive at higher 

fields. For temperatures above this, the MR is small (several percent) and negative over 

the whole field range. The observed maximum negative MR is -0.63% at 75 K with a 

field of 10 T. The magnitude of the MR decreases to zero as the temperature further 

increases until it is insignificant at 300 K. These data indicate a competition between 

positive and negative contributions to the MR. The positive MR contribution is attributed 

to the destructive effects on transport of a sp-d exchange enhanced s-electron splitting in 

the weakly localized regime,29-31 which is an indication of the intrinsic ferromagnetism in 

diluted magnetic semiconductors. We also found that the positive MR in the ZnO:Mn thin 

film is much stronger than in the ZnO:Co thin films we prepared with the same 

conditions.32 This could be an indication that the sp-d exchange coupling in ZnO:Mn is 

stronger than in ZnO:Co thin films. The negative MR could be from either weak 

localization, where the magnetic field suppresses quantum constructive interference 

effect,33-34 which was also observed in non-magnetic ZnO thin films,35 or the field 

suppression of magnetization fluctuations, leading to the delocalization of bound 

magnetic polarons.36 
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FIG. 6.12. (a) The field dependence of the Hall resistance RHall measured at 5K. The 
lower inset shows the AHE after subtracting the linear background from the OHE. The 
upper inset shows the method employed to determine R0 an RS. (b)-(e) The 
field-dependence of the Hall resistance measured at 10 K, 50 K, 100 K, and 300 K on the 
same ZnO:Mn thin film sample. 
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Figure 6.12(a) shows the field-dependent Hall resistance for the ZnO:Mn thin film, 

measured at a temperature of 5 K. The vertical axis of the Hall resistance RHall is defined 

as the Hall voltage VH divided by longitudinal current Ix, i.e. RHall = VH / Ix. Figures 

6.12(b)-(e) show the field-dependent Hall effect measurements performed at 10, 50, 100, 

and 300 K on the same piece of ZnO:Mn thin film sample. 

In magnetic materials, the Hall resistance has two contributions: the ordinary Hall 

effect (OHE) arising from the classical Lorenz force, and the anomalous Hall effect (AHE) 

due to the asymmetric scattering from the spin-orbit interaction in the presence of a 

magnetization. So, RHall is expressed with the following equation, 

AHEOHE00
0

Hall )()( RRM
d
R

H
d
R

R s +≡+= μμ      (7-1) 

where R0 and ROHE are the ordinary Hall coefficient and resistance, RS and RAHE are the 

anomalous Hall coefficient and resistance, d is the thickness of the ZnO:Mn thin film, 

which is = 470 nm H and M are the magnetic field and the magnetization perpendicular to 

the film plane, respectively, and μ0 is the free space permeability. In Fig. 6.12(a), the 

linear background with a negative slope is from the OHE. The sign and magnitude of the 

OHE give information on the carrier type and concentration, respectively. The non-linear 

component RHall is from the AHE. The lower inset shows the RAHE-μ0H spectra after 

subtracting the linear background (i.e. RHall-ROHE), where the AHE is clearly visible. The 

upper inset shows the method employed to determine RS. A linear fitting was performed 
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on the high-field data (> 5 T and < -5 T), where the magnetization is completely saturated. 

From the slope of the linear fitting R0/d was found. The distance along the vertical axis 

between the two intercepts from the extrapolations of the positive and negative high-field 

fitting is 2RSμ0M/d. 

 

Table 6.2 Ordinary Hall coefficient R0, anomalous Hall coefficient RS, electron carrier 

concentration n, and resistivity ρx at different temperatures. 

 

T 
(K) 

R0 
(10-9 Ω cm G-1) 

n 
(1019 cm-3) 

RS 
(10-7 Ω cm G-1) 

ρx 
(10-2 Ω cm) 

5 -10.14 ± 0.02 0.616 ± 0.001 3.4 ± 0.5 3.76 

10 -5.04 ± 0.01 1.24 2.8 ± 0.2 3.65 

50 -4.73 ± 0.01 1.32 1.9 ± 0.2 3.50 

100 -4.65 ± 0.01 1.34 1.4 ± 0.2 3.33 

300 -3.48 ± 0.05 1.80 ± 0.02 0.3 ± 0.3 2.91 

 

Following the procedure discussed above, R0 and RS at different temperatures are 

listed in Table 6.2. The error bars of RS are larger than those for R0 because of the 

extrapolation of high-field data to zero field axis. Figure 6.13(a) shows the temperature 

dependence of R0. The electron carrier concentration n, which is shown in the inset as 
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function of temperature, for the ZnO:Mn thin film was determined from R0 using the 

relation R0= -1/ne , where e is the charge of the electron. The vertical distance between 

the two thin lines in every circle (R0) and pentagon (n) symbols represents the error bar of 

R0 and n at each temperature point. (The uncertainty is as small as can be comparable to 

the size of the symbols.) The electron carrier concentration of this ZnO:Mn thin film only 

changes by a factor of three in going from 300 K to 5 K, indicating a degenerate 

semiconductor, which is commonly observed in heavily doped n-type thin films.24 The 

values of n at different temperatures are also summarized in Table 6.1. Figure 6.13(b) 

shows the temperature dependence of RS, which decreases with increasing temperature. 

The observation of an AHE in this ZnO:Mn thin film also provides evidence of instrinsic 

carrier-mediation ferromagnetism,37 although the AHE observed here is very weak 

compared to other ferromagnetic semiconductors, such as GaAs:Mn21 and InAs:Mn.22 A 

very small AHE in ZnO-based DMS materials was also reported by others.30, 37-40 The 

reason is not very clear so far. One of the possible reasons might be the relatively large R0 

in general ZnO thin films due to smaller carrier concentration comparing to the 

GaAs:Mn/InAs:Mn or ferromagnetic metals. 
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FIG. 6.13. (a) The temperature dependence of ordinary Hall coefficient R0. The inset 
shows the temperature dependence of the electron carrier concentration n derived from R0. 
The vertical distance between the two thin lines in every symbols represents the error bar 
of the data point. (b) The temperature dependence of anomalous Hall coefficient RS. 
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FIG. 6.14 The temperature dependence of the resistivity ρx from 2 K to 350 K. The 
inset shows the same data with reciprocal temperature along the horizontal axis. 

 

Figure 6.14 shows the temperature dependence of the resistivity ρx of the ZnO:Mn 

thin film from 2 K to 350 K. The inset shows the same data, plotted as a function of 

reciprocal temperature. The resistivity does not show a strong temperature dependence 

because of the degenerate carrier statistics of this semiconducting ZnO:Mn thin film. This 

is consistent with the previous discussion on the temperature dependence of n. The values 

of ρx at 5, 10, 50, 100, and 300 K are also summarized in Table 6.2. 
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FIG. 6.15. The relation between Rs/ρx and ρx. The solid square symbols with error bars 
are the experimental data. The dashed line shows a linear fit to the data, representing the 
linear and quadratic dependences of ρx on Rs. 

 

The origin of the AHE is attributed to spin-orbit coupling, and RS depends on ρx 
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approximately 9.4 × 10-4 Ω-1 cm-1 G-1 . The negative value of skφ  is widely observed in 

ferromagnetic transition metals.44 

 

6.4 Summary 

In summary, ferromagnetism with a transition temperature well-above room 

temperature, electron-concentration dependent magnetization, and magnetic anisotropy 

was observed in n-type ZnO:Mn thin films, indicating long-range ferromagnetic order. 

The ferromagnetism persisted to temperatures well-above room temperature. The 

magnetic anisotropy was also observed in these ZnO:Mn films is another indication for 

intrinsic ferromagnetism. The dependence of the magnetization on electron concentration 

provides strong experimental evidence for an electron-mediated exchange mechanism for 

ferromagnetism in ZnO:Mn materials, contrary to the requirement of a hole-rich 

environment predicted by theory. Microstructural studies using transmission electron 

microscopy (TEM) were performed on a ZnO:Mn diluted magnetic semiconductor (DMS) 

thin film. The high-resolution imaging and electron diffraction reveal that the ZnO:Mn 

thin film has a high structural quality and is free of clustering/segregated phases. 

High-angle annular dark field Z-contrast imaging and XRD further corroborate the 

absence of phase segregation in the film, leading us to believe that the ferromagnetism in 

this material is intrinsic. Magnetotransport was studied on the ZnO:Mn samples, and 
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from these measurements, the temperature dependence of the resistivity and 

magnetoresistance, electron carrier concentration, and anomalous Hall coefficient of the 

sample is discussed. A large positive magnetoresistance is observed, indicating a strong 

sp-d exchange in ZnO:Mn DMS thin films. Both the ordinary and anomalous Hall 

coefficients were determined from the field dependence of Hall resistance. The 

anomalous Hall coefficient has a strong quadratic dependence on the resistivity, which 

implies a side-jump scattering mechanism in the AHE, further supporting an origin of the 

intrinsic spin-obital ferromagnetism in ZnO:Mn DMS thin films. 
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7. Chapter 7  Conclusions 

 

(1) ZnO materials have potential applications in optoelectronics, such as light emitting 

diodes and laser diodes, due to its large exciton binding energy (~60 meV). ZnO 

materials have potential spintronics, because it is both theoretically predicted and 

experimental proved that ZnO-based diluted magnetic semiconductors can be 

ferromagnetic above room temperature. 

 

(2) ZnO thin films were grown on r-plane sapphire substrates using ECR plasma-assisted 

MBE. ECR plasma power plays an important role to the growth rate and crystallinity 

of ZnO thin films. The effect of the oxygen ECR plasma power on the growth rate, 

structural, electrical, and optical properties of the ZnO thin films were studied. The 

growth rate increases with the increase of plasma power because of the increased 

atomic oxygen density. The enhanced plasma power improves ZnO film crystallinity, 

decreases the density of Zn interstitial defect formation, and improves optical 

properties due to smaller density of non-radiative luminescence centers because of 

decreased ionic oxygen density. 

 

(3) We have carried out photoluminescence (PL) and Hall-effect measurements for a 

series of Ga-doped ZnO thin films grown by molecular-beam epitaxy. For high Ga 
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doping, the PL spectra are dominated by the neutral-Ga donor-bound exciton I8 at 

3.359 eV, and for low Ga doping, the ionized-Ga donor bound exciton I1 at 3.371 eV. 

The low-Ga spectra in this study demonstrate one of the first ever observations of 

higher I1 intensity than that of I8, and this phenomenon is explained by the T-Hall 

result that [Ga+] >> [Ga0] in these low-Ga samples. For intermediate Ga doping, a 

line that ranges from 3.31 – 3.32 eV, designated as IDA, is dominant. We have shown 

that IDA has characteristics of a donor-acceptor-pair transition, and have used a 

detailed, quantitative analysis to argue that it arises from GaZn donors paired with 

Zn-vacancy (VZn) acceptors. The success of our analysis depends upon, and lends 

credence to, a recent theoretical calculation of the VZn
0/- acceptor transition energy. 

The excitation power-dependent and temperature-dependent PL results support the 

DAP assignment well. A Haynes factor of 0.3 is derived based on low-temperature 

and temperature-dependent PL studies on heavily Ga-doped ZnO samples. 

 

(4) Structural, optical properties, and doping mechanism of Sb doped p-type ZnO on Si 

(100) and Si (111) were comprehensively studied. Crystallinity and strain in both c 

and a plane were studied by XRD θ-2θ scan and in-plane GI XRD. XPS 

measurements show that Sb dopants were incorporated into the p-type ZnO films with 

a positive charge, implying that Sb substitutes for Zn and bonds with O. 
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Various-temperature PL measurements reveal that heavy Sb doping can trigger the 

formation of Zn vacancies, raising a broad emission around ~3.0 eV. Combing with 

the theoretical calculation, which suggest that the SbZn-2VZn is a shallow acceptor and 

with low formation energy under oxygen rich condition, although SbZn itself is a 

donor in ZnO, the formation of a SbZn and VZn complex is believed to be the origin of 

shallow acceptors in this system. It is found that the possibility of achieving p-type 

ZnO:Sb is also closely related to the thin film morphology. ZnO:Sb grown on Si 

substrates with closely-packed nano-columnar structures facilitates the achievement 

of reliable p-type doing, because VZn-related acceptor complex is more easily forming 

interfacially at grain boundaries in ZnO and the morphology with large grain 

boundary surface areas, such as the side walls of the nano-columns, facilitates the 

p-type doping in ZnO samples. 

 

(5) Diluted magnetic semiconducting ZnO:Co thin films with above room-temperature 

TC were prepared. The structural, magnetic, and electrical transport properties of 

ZnO:Co thin films were comprehensively characterized. No secondary phases were 

observed by TEM and XRD. Ferromagnetism was observed in ZnO:Co thin films 

with a Curie temperature far above room-temperature. The saturated magnetization of 

the ZnO:Co thin films increases dramatically when the free electron carrier 
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concentration exceeds ~1019 cm-3, indicating a carrier-mediated mechanism for 

ferromagnetism. The ZnO:Co thin films show magnetic anisotropy with the easy 

magnetization axis parallel to the film plane. A strong temperature dependence and 

competition between positive and negative contributions were observed in 

magnetoresistance of the ZnO:Co thin films. Finally, an anomalous Hall effect was 

observed and analyzed in the ZnO:Co thin films, consistent with long-range 

ferromagnetism. The anomalous Hall coefficient and its dependence on longitudinal 

resistivity were analyzed. The presence of a side-jump contribution further supports 

an intrinsic origin for ferromagnetism in ZnO:Co thin films. These observations 

together with the magnetic anisotropy and magnetoresistance results, lend supports to 

an intrinsic carrier-mediated mechanism for the ferromagnetic exchange in ZnO:Co 

DMS materials. 

 

(6) Ferromagnetism with a transition temperature well-above room temperature, 

electron-concentration dependent magnetization, and magnetic anisotropy was 

observed in n-type ZnO:Mn thin films, indicating long-range ferromagnetic order. 

The ferromagnetism persisted to temperatures well-above room temperature. The 

magnetic anisotropy was also observed in these ZnO:Mn films is another indication 

for intrinsic ferromagnetism. The dependence of the magnetization on electron 
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concentration provides strong experimental evidence for an electron-mediated 

exchange mechanism for ferromagnetism in ZnO:Mn materials, contrary to the 

requirement of a hole-rich environment predicted by theory. Microstructural studies 

using transmission electron microscopy (TEM) were performed on a ZnO:Mn diluted 

magnetic semiconductor (DMS) thin film. The high-resolution imaging and electron 

diffraction reveal that the ZnO:Mn thin film has a high structural quality and is free of 

clustering/segregated phases. High-angle annular dark field Z-contrast imaging and 

XRD further corroborate the absence of phase segregation in the film, leading us to 

believe that the ferromagnetism in this material is intrinsic. Magnetotransport was 

studied on the ZnO:Mn samples, and from these measurements, the temperature 

dependence of the resistivity and magnetoresistance, electron carrier concentration, 

and anomalous Hall coefficient of the sample is discussed. A large positive 

magnetoresistance is observed, indicating a strong sp-d exchange in ZnO:Mn DMS 

thin films. Both the ordinary and anomalous Hall coefficients were determined from 

the field dependence of Hall resistance. The anomalous Hall coefficient has a strong 

quadratic dependence on the resistivity, which implies a side-jump scattering 

mechanism in the AHE, further supporting an origin of the intrinsic spin-obital 

ferromagnetism in ZnO:Mn DMS thin films. 




